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Abstract— The present work was carried out theoretically
and experimentally to study the performance enhancement of the
heat pipe charged with refrigerant (R-22) as a working fluid. The
heat pipe heat exchangers are used in heat recovery applications
to cool the incoming fresh air in air conditioning systems. The
study discusses the effect of inclination angle and supply on
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temperature on thermal efficiency, supply off temperature (T2),
thermal resistance and heat recovered of the heat pipe heat
exchanger. Two streams of fresh and return air have been flowed
through the heat pipe heat exchanger to investigate the
performance of heat recovery system. The heat pipe heat
exchanger is consisting of one row of 16 copper tubes and
aluminum fins. The diameter of each copper tube is 9.53 mm.
The experiments were performed due to ASHRAE standard
1060(1-P) for performance rating of air-to-air exchangers for
energy recovery ventilation equipment [1]. The results showed
that Heat pipe efficiency and heat recovered capacity are
increased by increasing the inclination angle until reach its
maximum values at (0=30°) and then decreased with further
increase in inclination angle. The results showed also that the
thermal efficiency and heat-recovered capacity are increased by
increasing the supply on temperature.
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I. INTRODUCTION

EAT pipe is a heat transfer device that transports

large quantities of heat with minimum

temperature gradient without any additional
power between the two temperature limits. It consists of three
different sections namely evaporator, adiabatic section and
condenser section. These three parts have equal importance
and can significantly affect the performance of heat pipe. The
heat input is added to the evaporator section of the heat pipe,
the working fluid present in the wicking structure which is
kept in the heat pipe is heated until it vaporizes. Since the
latent heat of evaporation is large, considerable quantities of
heat can be transported with a very small temperature
difference from end to end. Thus, the structure will also have a
high effective thermal conductance. Due to high temperature
and high pressure that effect on the evaporator section cause
the vapor flow to the cooler condenser section, where the
vapor condenses and releases its latent heat of vaporization.
The capillary forces existing in the wicking structure then
pump the liquid back to the evaporator. The evaporator and
condenser sections of a heat pipe function independently,
needing only common liquid and vapor streams [2]. Samman
[3] studied the possible application of a Heat pipe heat
exchanger (HPHX) for indirect evaporative cooling with heat
recovery for the fresh air preheating. In this study, the thermal
performance of a HPHX consisting of 48 wicked heat pipes
arranged in 6-row was tested. McFarland et al. [4] have
investigated an experiment to determine the effect of a heat
pipe on the performance of a conventional residential air
conditioning system. In this study, the influence of heat pipe
on the moisture removal, and the latent energy efficiency ratio
of the air conditioning system were examined. L. Shao and
Riffat [5] investigated the flow loss caused by a HPHX in a
natural ventilation stack. Experimental results showed that for
a heat recovery efficiency of 50% and stack flow velocity of
0.5 m/s, the pressure loss across an existing type of heat pipe
was about one Pascal. Martinez et al. [6] designed a mixed
energy recovery system consisting of two heat pipes heat
exchanger and indirect evaporative cooler for air conditioning.
The energy characterization of the mixed energy recovery
system was performed by means of the experimental design
techniques. Riffat and Zhu [7] introduced a mathematical
model for a new technique of indirect evaporative cooler using
porous ceramic and horizontal configuration heat pipe. The
system had two separate air passages, one for indoor air and
another for outdoor air. In this system, the heat applied to one
end of the pipe (evaporation section) makes the liquid working
fluid evaporates and the resulting vapor travels to the cooled
end (condenser, or the ceramic container), where it condenses.
Mostafa A. Abd EI-Baky et. al. [8] conducted a study on the
use of heat pipe for heat recovery in air conditioning. Two
streams of fresh and return air have been connected with heat
pipe heat exchanger to investigate the thermal performance
and the efficiency of heat recovery system. The results showed
that the temperature changes of fresh and return air are
increased with the increase of inlet temperature of fresh air.
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Tushar and Mandar [9] investigated the energy saving and
dehumidification enhancement aspects of HPHXs and made a
summary of experimental and theoretical studies on HPHXs.
The following cases are studied. Case I: Varying the return air
DBT between 21 and 25 °C, keeping RH constant at 50 %.
Case II: Varying the return air RH between 45 — 55 % keeping
DBT constant at 23 °C.

Beckert and Herwig [10] carried out a research on the
impact of inclination on the heat transfer rate of an air-to-air
HPHX applied in an air conditioning system. It was found that
even in a nearly horizontal position (up to +6° with the
horizontal) the overall performance is still good enough. Said
and Akash [11] studied the effect of tilt angle on the overall
heat transfer of two types of heat pipes, one with wick and
another with no wick. The heat pipes were positioned at
different tilt angles of 30° 60° and 90° with the horizontal.
Kim et al. [12] carried out a research on the effect of air inlet
humidity on the air side heat transfer and pressure drop for an
inclined brazed aluminum heat exchanger. The heat exchanger
was studied at three different inclined angles namely 14°, 45°,
and 67° (with respect to vertical position). Yau [13] claimed
that the impact of condensate layer on the performance of a
thermosyphon HPHX operating in a high humid condition was
negligible. In case of inclination angle of 30° with horizontal,
the gravitational force would be expected to enhance drainage
of any condensate on the fin surfaces in evaporator section.
Senthilkumar et. al. [14] conducted a study on effect of tilt
angle on heat pipe performance using copper nanofluid. An
experiment was carried out to study the thermal efficiency
enhancement of the heat pipe using copper nanofluid as the
working fluid. The study was performed for studying the
effect of tilt angle and heat input on both thermal efficiency
and thermal resistance.

The aim of the present work is to study the effect of
inclination angle, supply on temperature and airflow rate on
the heat pipe heat exchanger performance in HVAC systems
especially on thermal efficiency, supply off temperature (T2),
thermal resistance and heat recovered of the heat pipe heat
exchanger.

Il. THEORETICAL ANALYSIS

We discuss how we can make a theoretical design of the
heat pipe (number of rows, pressure drop, face velocity, heat
pipe efficiency and heat recovery), the purity of working fluid,
the slope of pipe, the evaporator length and the pipe thickness
all affect the thermal efficiency of heat pipes, how it effects on
heat recovery of each coil, power saving and other parameters.
Wish to perform experiments on steady heat transfer to air
flow that is in steady flow through a circular pipe. Our
objective is to find the average heat transfer coefficient as a
function of the various parameters in the system.

H1=h?D known as the Nusselt number, H2=% as the

Reynolds number Re, H3=% , which is the prandtl number

Lyi . . .
Pr, T4 =%. Therefore, dimensional analysis reveals that the
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Nusselt number must be a function of the Reynolds number,
the Prandtl number, and an aspect ratio Lpipe/D.

Nu = ¢(Re, Pr, “22¢)

Then the average Nusselt number and heat transfer coefficient
for all the tubes in the tube bank become

_ NuD‘N,_ K

h === (w/m?.C)

Then the fluid exit temperature and the log mean temperature
difference become

—Ah
Te = Ts - (TS - Ti) €xXp mC
p

(Ts - Te) - (Ts - Ti)
ln((Ts - Te)/(Ts - Ti))

ATin =

The rate of heat transfer can also be determined in a simpler
way from
Qsensible = M’ Cp (Te —T;) =h Ag ATy,

Qratent = m x AX(Humidity ratio)

QHeat Recovered = QSensible + QLatent

The thermal resistance(R) of the heat pipe is calculated using

R = TB;T‘, Where Te and Tc are temperature values at

the evaporator and condenser sections respectively and Q is
the heat supplied to the heat pipe.

The Efficiency of HPHX is ratio of actual heat transfer to
the maximum possible heat transfer. Since HPHX involves
recovery of only sensible heat, therefore the efficiency of
HPHX can also be defined as ratio of actual temperature drop
to maximum possible temperature drop.

_Toa"TLa
Nupux = 7~ —;
0OA RA

After we have finished our hand calculations as in above,
now we will do the same calculation by using software which
called SPC HPHR ( Version 2.5) from SPC company. we can
calculate the volume, the dimension of the cooling coil,
vertical heat pipe (number of rows, pressure drop, face
velocity, heat pipe efficiency and heat recovery) by entering
the values of both inlet and exhaust air characteristics and the
suitable air flow Q.
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Figure (1) Output of Heat Pipe Heat Recovery program of SPC.

There are some parameters ( Input Data) to the selection
programme as following :

Air volume (m%s), supply on and extract on air
temperatures (°C), relative humidity of both supply and
extract on air (%), available dimension for supply and extract
sides, fin material, types, number of fins per inch, number of
rows.

We can do a comparison between analyses by hand
calculations and also by using HPHR program software
selection we can find The outlet temperature form the
evaporating section, heat recovered and efficiency are the
same for both calculations, so we will depend on Heat Pipe
Heat recovery program selection for all of our calculations on
positions with different conditions and parameters.

I1l. EXPERIMENTAL SETUP

In order to evaluate the performance of the suggested heat
pipe heat exchanger with its inclination angles at different
supply on temperatures, a test loop of the experimental set up,
as shown in Figure (1). The system consists of the following:

Heat pipe heat exchanger in the system contains 16 copper
tubes; each of them represents a heat pipe. Tubes shall be of
refrigeration standard seamless copper C106 for heat
exchanger use. Tubes diameter shall be a minimum of 9 mm
with a grooved inner surface to enhance the internal surface
area and prevent pooling of liquid. The minimum root
thickness of the tube shall be 0.33mm.

Figure (2) Inner grooved copper tube

The external fins shall be of aluminum with a minimum
thickness of 0.12mm. The fins shall be of the rippled or
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louvered type to suit the application and spaced at such a
distance as required by the conditions specified.

‘ Sy

Figure (3) Aluminum Fins (Louvered type).

Casings shall be from galvanized sheet steel with a
minimum thickness of 1.2mm. After the completion of
manufacturing the heat pipe and get rid of all the impurities
and oils by charging it with nitrogen, each pipe of the heat
exchanger has been vacuumed by using a vacuum pump to be
ensure sure that it became free of air and moisture.

Working fluid is charged to the evacuated section by
charging needle connecting to gauge pressure test manifold
and a refrigerant cylinder. Charging refrigerant for each pipe
will be at (45 psi = 3.1 Bar) with filling Ratio (35%) that equal
to 21.5 grams of refrigerant (R-22).

Supply and exhaust fans, which are selected by Nicotra
software selection program and made of galvanized steel,
which is balanced, have a high efficiency and a low-level
noise and motors for both supply and exhaust fans have high
efficiency, 1350 rpm, have five speeds and class (B) insulation
which is designed due to National Electrical Manufacturers
Association (NEMA) standard.

The inclination angle of the heat pipe are changed from
vertical to horizontal position by using actuator (Belimo) that
can control automatically in the pivot that used for changing
the inclination angle.

The evaporator section is heated by supply on air flow that
can achieved its conditions in the laboratory by using AHU
with electric heaters and steam humidifier to get the required
conditions of dry bulb temperature and relative humidity that
added by the supply fan through the flexible duct to the empty
isolated section (Armaflex isolation) connected to the
evaporator section.

The condenser section is cooled by the exhaust air can
achieved its conditions in the laboratory by using AHU with
steam humidifiers which connected with sensors in the room
to can get the required conditions of dry bulb temperature and
control in the percentage of relative humidity. This air is
added by exhaust fan through the flexible duct to the empty
isolated section connected to the condenser section.

Fluid return is normally accomplished by gravity
mechanism. Condensation of the refrigerant releases the heat
absorbed in the evaporation phase resulting in heat transfer
from the heat pipe hot end to the heat pipe cold end.

SULTAN A. A, EL-BOUZ A. M, SEMARY N. A AND KANDIL M. E
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Figure (4) Heat pipe main structure components.

The experimental results were performed due to ASHRAE
standard 1060(I-P) for performance rating of air-to-air
exchangers for energy recovery ventilation equipment [1]. The
experiments were conducted in EGAT Company's research
and development laboratory, which is equipped with the latest
measurements devices used in conducting experiments. The
experimental procedures as following:

1- Adjust the refrigerant pressure in each pipe of heat pipe
heat exchanger at the desired value.

2- The inclination angle of heat pipe should to be adjusting
automatically to its predetermined value.

3- Adjust the supply on and extract on air conditions from dry
bulb temperature and relative humidity as required in the
design for both evaporator and condenser sections.

4- Record the measuring temperatures and relative humidity
at each point on the supply plenum using thermocouples
and anemometer after steady state conditions.
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Figure (5) Schematic diagram for the Heat pipe and the Experimental

Test Rig.

7) Extract Fan
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IV. RESULTS AND DISCUSSIONS

A. Effects of inclination angle and supply on temperature on
thermal efficiency.

Figure (6) shows the relation between heat pipe thermal
efficiency and supply on temperatures. The heat pipe
inclination angle of these results is taken as 0 °, 15 °, 30 °, 45 °,
60 °, 75 ° and 90°. It is illustrated from the figure that the heat
pipe thermal efficiency sharply increases with supply on
temperature increasing until a value of 40 ° C and then slightly
increases with further increase in supply on temperature. This
may be attributed to the fact that, the temperature of the
working medium increases and hence more amount of heat
can be removed in the condenser section.
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Figure (6): Relation between Thermal Efficiency and supply on
temperatures at various inclination angles (Theoretical ====& experimental

Figure (7) shows the relation between heat pipe thermal
efficiency and inclination angle of heat pipe. The heat pipe
inclination angle of these results is taken as 0 °, 15 °, 30 °, 45 °,
60 ° 75 ° and 90° with different values of supply on
temperature of 30 °, 35 °, 40 °, 42 0 and 45 °C with constant
air flow rate of 680 (m3/hr). It is illustrated from the figure
that the heat pipe efficiency increases with inclination angle
until it reaches its maximum value at 30° and then decreases
with further increase in inclination angle.
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Figure (7): Relation between Thermal Efficiency and Inclination angle at
various supplies on temperatures (Theoretical & experimental - - -).

One can conclude from the figures that the theoretical and
experimental results have the same trend of variation with
higher values of the theoretical over these experimental.

It is also seen from the figure that the difference between
theoretical and experimental value of heat pipe efficiency
increases with the angle of inclination.

A general equation for the thermal efficiency f () = (0,
T1) for different supply on temperatures and different
inclination angles at constant air volume as following:

n= (—0.0000004 T1 + 0.00007) 63 + (—0.00002 T1 —
0.0095) 6% + (0.0035T1 + 0.361)0 + (0.9275 T1 — 14.36)

B. Effects of inclination angle and supply on temperature on
heat recovered.

Figure (8) shows the effect of supply on temperature on the
heat recovered capacity. The heat pipe inclination angle of
these results is taken as 0 °, 15 © 30 °, 45°, 60 °, 75 © and 90°.
It is illustrated from the figure that the heat pipe heat
recovered capacity slightly increases with supply on
temperature until a temperature of 35 © C and then sharply
increases with further increase in supply on temperature.
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Figure (9): Relation between Heat Recovered and Inclination angle at
various supplies on temperatures (Theoretical ====& experimental - - -)

Figure (9) shows the relation between the heat pipe heat
recovered and inclination angle of heat pipe. The heat pipe
inclination angle of these results is takenas 0 °, 15°,30°, 45 °,
60 ° 75 ° and 90° with different values of supply on
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temperature of 30 °, 35 °, 40 °, 42 © and 45 °C at constant air
flow rate of 680 (m3/hr). It is illustrated from the figure that
the heat pipe heat recovered capacity increases with
inclination angle until it reaches its maximum value at 30 °
and then decreases with further increase in inclination angle.
Also from figure (9) one can observe that the theoretical
and experimental heat pipe heat recovered values have the
same trend of variation. In the same time the theoretical values
are higher than those of the experimental one. It is also seen
from the figure that the difference between theoretical and
experimental value of heat pipe heat recovered capacity
increases with the supply on temperature. This may be
because increasing supply on temperature, the heat pipe heat
recovery increase, the temperature gradient through the heat
pipe increases and consequently the generated vapor increases
and moves vigorously into the condenser section. The return
air flowing through the condenser absorbs this excessive heat
and as a result, the heat recovered of the heat pipe increases.

C. Effects of inclination angle and supply on temperature on
supply off temperature.

Figure (10) shows the relation between the supply off
temperature and supply on temperatures, which takes the
values of 30 °, 35 °, 40 °, 42 ° and 45 °C. It is shown from the
figure that the supply off temperature increases with supply on
temperature.
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Figure (10): Relation between Supply off temperature and supply on
temperatures at various inclination angles (Theoretical ==& experimental - -
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Figure (11): Relation between Supply of temperature and Inclination
angle at various supplies on temperatures (Theoretical =———&
experimental - - -).

Figure (11) shows the effect of inclination angle on supply
off temperature. The heat pipe inclination angle of these
results is taken as 0 °, 15 °, 30 °, 45 °, 60 °, 75 ° and 90° with
different values of supply on temperature of 30 °, 35°, 40 °, 42
° and 45 °C with constant air flow rate of 680 (m®hr). It is
shown from the figure that supply off temperature slightly
decreases with the increase of inclination angle until it reaches
its minimum value at30 ° and then decreases with further
increase in inclination angle.

One can conclude from the figures that the theoretical and
experimental supply off temperature has the same trend of
variation with higher values of the experimental over these
theoretical.

It is also seen from the figure that the difference between
theoretical and experimental value of supply off temperature
increases with the supply on temperature.

D. Effects of inclination angle and supply on temperature on
thermal resistance.

Figure (12) shows the relation between thermal resistance
and supply on temperatures. The supply on temperature of
these results is taken as 30 °, 35°, 40 °, 42 ° and 45 °C with
different inclination angle and constant airflow rate. The
figure illustrate that the heat pipe thermal resistance sharply
decreases with supply on temperature increasing until a value
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of 40 ° C and then slightly decreases with further increase in
supply on temperature.

Figure (13) shows the effect of inclination angle on
thermal resistance of heat pipe. The heat pipe inclination angle
of these results is taken as 0°, 15°, 30°, 45°, 60°, 75° and 90°
with different supply on temperature of 30°, 35°, 40°, 42° and
45 °C with constant air flow rate of 680 (m%hr). The figure
shows that the heat pipe thermal resistance decreases with the
increase in inclination angle until it reaches its minimum value
at 30 ° and then slightly increases with further increase in
inclination angle. This may be due to the higher rate of
formation of liquid film inside the condenser at larger
inclination angles leads to the increase of thermal resistance.

The thermal resistance(R) of the heat pipe is calculated

UsingR = TeTe \Where Te and Tc are temperature values at

the evaporator and condenser sections respectively and Q is
the heat supplied to the heat pipe.

One can conclude from the figures that the theoretical and
experimental heat pipe thermal resistance has the same trend
of variation with higher values of the theoretical over these
experimental. It is also seen from the figure that the difference
between theoretical and experimental value of heat pipe
thermal resistance decreases with the supply on temperature
increases and decreases with the angle of inclination.
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Figure (12): Relation between Thermal Resistance and supply on
temperatures at various inclination angles (Theoretical ==& experimental
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Figure (13): Relation between Thermal Resistance and Inclination angle at
various supplies on temperatures (Theoretical ====& experimental - - -).

V. COMPARISON BETWEEN PRESENT RESULTS AND OTHER
RESULTS
By comparison, our experimental results with experimental
results carried out by Senthilkumar et al. [14]. It is illustrated
from the figure that the heat pipe thermal efficiency slightly
increases with inclination angle decrease until a value of 30°
and then slightly decreases with further decrease in Inclination
angle. One can conclude from the figure that our experimental
results and Senthilkumar et al. experimental results of heat
pipe efficiency has the same trend of variation with higher
values of Senthilkumar et al. results over our results. This
mismatching (division percentage) is about (3.7-8.6) % may
be because some convergence between the both results of the
form to be easily resolved by imposing a slightly different
assumptions of fact and also because of the margin of error in
the analysis of experimental results.

Efficiency n (%)
N
o

[EEY
(9]

10

0 15 30 45 60 75 90
Inclination angle of Heat pipe (8)

Figure (14): Relation between Thermal efficiency and inclination angle at
various experimental results.

VI. CONCLUSION

Based on the results of the experiments carried out to
investigate the effect of tilt angle and supply on temperature
on the performance of HPHX, following conclusions were
recorded:

1) Heat pipe efficiency and heat recovered capacity are

increased by increasing the inclination angle until reach its

maximum values at (6=30°) and then decreased to reach its
vertical position.

2) Supply off temperature and thermal resistance are

decreased by increasing the inclination angle until reach its

minimum values at (6=30°) and then increased to reach its
horizontal position.

3) Heat pipe efficiency and heat-recovered capacity are

increased by increasing the supply on temperature.

4) Supply off temperature and thermal resistance are

decreased by increasing the supply on temperature.
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