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Abstract

In Malaysia, humidity control is a common problem in built environments in tropical hot and humid climates as it is an important aspect of the
maintenance of comfortable and healthy conditions within a controlled airspace. An 8-row thermosyphon-based heat pipe heat exchanger (HPHX)
for tropical building HVAC systems was studied experimentally. This research was an investigation into how the sensible heat ratio (SHR) of the
8-row HPHX was influenced by each of three key parameters of the inlet air state, namely, dry-bulb temperature, relative humidity and air velocity.
On the basis of this study, it is recommended that tropical HVAC systems should be installed with heat pipe heat exchangers for dehumidification

enhancement.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Humidity control is a never-ending war in tropical hot and
humid built environment, particularly, in Malaysia and Singa-
pore. Yau and Tucker [1] mentioned that for many years, heat
pipe heat exchangers (HPHXs) with two-phase closed ther-
mosyphons, as shown in Fig. 1, have been widely applied as
dehumidification enhancement and energy savings device in
HVAC systems in Western countries. Hill and Jeter [2] mod-
elled the effect of a HPHX on air-conditioning performance
through a combination of a complete HPHX thermal node
model and a model for the HVAC system implemented through
performance maps. This research was conducted at Georgia
Institute of Technology, Atlanta. Major increases in moisture-
removal capability and efficiency through the application of
this technology were seen improved in the range of 25-55%. In
comparison, the redesign of a conventional evaporator produced
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anominal decrease in sensible heat ratio in the range of 25-50%
through the decrease of sensible capability but did not enhance
latent capability or moisture-removal efficiency. This indicated
that the application of a HPHX offered major improvements in
humidity control and overall efficiency when compared to the
usual practice of utilising a specially designed cooling coil in
combination with reheat.

Despite many virtues practical operation of this device, the
application of HPHXs in tropical countries is not wide spread,
at least in Malaysia, Singapore, Indonesia and Brunei. Why is
that so? One reason may be that almost all these experimental
studies were done for cool and dry climate conditions.

A literature search has been carried out on theoretical and
experimental research of HPHXs applied in HVAC (Heating,
Ventilating and Air Conditioning) systems for the past 30 years
(1970-2001), and it revealed that complete experimental re-
search based on a Typical Meteorological Year (TMY) data
for HPHXs applied in tropical climates for yearly operation
of 8760 hours is virtually none. In addition, literature review
further indicated that even research work related to energy re-
covery using HPHX carried out in sub-tropical climates are
hardly found. Niu et al. [3] studied a HVAC system combin-
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Nomenclature

AHU  air handling unit
AC air conditioner

CWC  chilled water coil

DBT  dry-bulb temperature

WBT  wet-bulb temperature

HPHX heat pipe heat exchanger

HVAC heating, ventilating and air conditioning

K resistance coefficient

m mass flowrate .......................... kgs™!
0 heat transferrate ........................... W

RH relative humidity

Subscripts

a air

ac air-conditioner cooling (process 2-3)

hpc heat pipe pre-cooling (process 1-2)

hac heat pipe and air-conditioner cooling (process 1-3)
hpr heat pipe reheat (process 4-5)

NET  process 1-5

pl-3  process 1-3

pl-5 process 1-5

ing chilled-ceiling with desiccant cooling for maintaining the
indoor air humidity within a comfort zone and to reduce the
risk of water condensation on chilled panels. The results re-
veal that chilled-ceiling combined with desiccant cooling might
conserve up to 44% of primary energy use compared to a con-
ventional constant volume all-air system.

In a separate study, Zhang et al. [4] conducted a research
on energy consumption for conditioning ventilation air and the
annually performance of a membrane-based energy recovery
ventilator (MERV) in Hong Kong. The results indicated that
approximately 58% of the energy needed for cooling and heat-
ing fresh air might be saved yearly with an MERV, while only
roughly 10% of the energy might be saved via a sensible-only
energy recovery ventilator (SERV). In a similar study, Zhang
et al. [5] conducted a study on a thermodynamic model built
with an air moisture removal system incorporated a membrane-
based total heat exchanger to estimate the energy use annually.
The outcomes suggested that the independent air moisture re-
moval could save 33% of primary energy.

Unfortunately, these research just mentioned above were
conducted without a HPHX in the system even though these
systems have some similarities in terms of heat transfer working
mechanism compared to a system installed with a HPHX. Also,
note that all these research work just described above were con-
ducted in sub-tropical regions (Hong Kong and Southern China)
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Fig. 1. A typical heat pipe heat exchanger (HPHX) applied in HVAC systems.

with distinctive diagonal swing of outdoor air conditions (i.e.
winter, spring, fall and summer seasons) annually compared to
tropical regions with almost constant outdoor air conditions (i.e.
hot and humid summer season only year-round).

Therefore, the relative dehumidification enhancement ad-
vantages of these new technologies for tropical HVAC systems
are still in question. To this end, this investigation has been
conducted and the major aim is to establish the baseline perfor-
mance characteristics of the HPHX under conditions represen-
tative of those that would be experienced in a tropical climate
for future research. The minor aim is to determine the dehumid-
ification enhancement capability of a typical 8-row HPHX for
yearly operation in tropical HVAC systems.

2. Overview of relevant theory

The HPHX evaporator section functions as a pre-cooler for
the AC system and the condenser section as a reheating coil
as shown in Fig. 2. By doing this the cooling capacity for the
original system is re-distributed so that latent cooling capability
of the conventional cooling coil is enhanced.

In hot and humid tropical climates, the moisture removal
capability of the chilled water coil in the HVAC systems can
be enhanced if the supply air is pre-cooled before reaching the
chilled water coil. For instance, a typical HVAC system at aver-
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Fig. 2. Simple schematic diagram for HVAC model running with a HPHX [1].
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age ambient condition of 32 °C and 58% relative humidity (RH)
with total cooling load at 58.5 kW as shown in Fig. 3 can save
14.4 kW if HPHX is added into the HVAC system as shown in
Fig. 4 [6]. Fig. 5 represents this situation with the present ex-
perimental air state numbering system superimposed.

Based on average ambient
conditions, 32 °C @ 58% RH.

Cooling load - 51.3kW / o
Heating load - 7.2kW %\/
Total load - 58.5kW 7\ 025
020
s
o b

Ve
= 015
/ﬁ?’( Ny
0 e
é/ ] |
e < T
R ~

Humidity Ratia
k

010

& ~ S
— - 005
L—1 | — M
= r -
P11 [~ ~

5 10 15 20 25 30 35 40 45
Dry Bulb Temperature *C

Fig. 3. Simple psychrometric processes for a typical HVAC system at average
ambient conditions of 32 °C and 58% RH [6].
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Fig. 4. Simple psychrometric processes for a typical HVAC system with an
added HPHX at average ambient conditions of 32 °C and 58% RH [6].
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Fig. 5. HPHX overcooled and reheat processes in a HVAC system.

For illustrative purposes, the following have been assumed:

e The HPHX evaporator operates mostly sensibly and pro-
duces an exit state 2 which is close to saturation.

e The conventional cooling coil carries out its normal cool-
ing and dehumidifying function (process 2-3), but with en-
hanced latent capacity because of the pre-cooling effect of
the HPHX.

e Air transport between the cooling coil and the HPHX con-
denser occurs adiabatically (making states 3 and 4 coinci-
dent) and without leakage.

e The energy transfer rates in the two sections of the HPHX
are equal and opposite {implying that (h| — h2) = (hs —ha)
since the air mass flow rates are equal}.

e The space has significant latent loads that would normally
necessitate reheat in a conventional HVAC system.

Process 1-2 is the heat pipe pre-cooling and can be represented
by:

Onpe = tita(h1 — h2) (1)

Process 2-3 is the air conditioner active cooling and can be rep-
resented by:

Qac = tita(hy — h3) 2)

The total cooling load for the HVAC system is the combination
of the HPHX pre-cooling and the AC active cooling, and can be
represented by:

Ohac = it (h1 — h2) + (ha — h3)] = rita(h1 — h3) 3)

Process 4-5 is the heat pipe reheat load and can be represented
by:

Onpr = 1ita(hs — ha) )

It is clear that two advantages are provided by the HPHX—the
free pre-cooling (h2 — h1) and re-heating (h5 — h4) processes.
The pre-cooling process will enhance the cooling capability for
the air conditioner and re-heating process will provide free re-
heat energy for the overcooled supply air.

In line with the way previous researchers have presented
their data on HPHX performance [2,7], the sensible heat ratio
was judged to be the most relevant in determining the capability
of HPHX as a means of enhancing dehumidification. The sen-
sible heat ratio, SHR, is defined as the ratio of sensible gains to
total gains. In the research described in this paper, sensible heat
ratios for the two-step cooling process (process 1-3) and overall
net (process 1-5) are determined using the equations below.

For process 1-3, SHR is represented by:

SHR Active Cooling = macp1—3(T1 - T3)/7ha(h1 —h3) &)
and Eq. (5) can be simplified to:
SHR Active Cooling = Cpl—3(Tl - T3)/(hl — h3) (6)

where Cp1-3 is the moist air specific heat and can be represented
to acceptable accuracy by:

Cp1-3 = 1.005 + 1.84Waciive Cooling kT kg ' K™ (7N
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Since the dependence on humidity ratio, W is quite weak—
W typically is of order 0.01 kg,, kg, !_a mean value for
Wactive Cooling €an be used in Eq. (7), i.e.:

Wactive Cooling = (W1 + W3)/2 (8)
Similarly, for process 1-5, SHR is represented by:
SHRNgT = 1112Cp1-5(T1 — T5) /ma(hy — hs) )]

and Eq. (9) can be simplified to:
SHRNgT = Cp1-5(T1 — T5)/(h1 — hs) (10)

where, again, C p may be evaluated from Eq. (7), this time using
the appropriate mean humidity ratio:

Wner = (W1 + Ws)/2 (11)
3. Experimental set-up

A closed ‘climate chamber’ was used as the source of “out-
door” air for the experiments. The ‘climate chamber’ was 3.3 m
long, 2.3 m wide, and 2.50 m high with a removable HVAC
testing rig attached to it. This rig consisted of a removable
8-row HPHX, a removable CWC and a fixed variable speed
fan with interconnecting duct work. The whole testing rig
was insulated to minimise energy exchanges with the ambient
environment. Polystyrene of 50 mm thickness and fibreglass
(R value ~ 1.5 m>K~! W~!) were applied as external insula-
tion to the ductwork and components around the circuit.

Fig. 6 shows how the HPHX was installed in the testing rig
for the present research. The HPHX was installed such that it
pre-cooled the fresh air and reheated the overcooled air. The
tropical hot and humid climates was provided by the under-
floor air conditioning unit. The chilled water coil (CWC) was
supplied with chilled water by the thermo-stated chilled water
circulator with 2 kW of cooling capacity. The temperature of the
chilled water in the circulator tank could be adjusted by a solid-
state temperature controller, which provided an appropriate off-
setting heat input to achieve the desired water temperature. The
flow rate of the chilled water was able to be controlled by a
screw type globe valve, with a resistance coefficient K of 8.2,
in the circuit. The supply and return chilled water temperatures

Variable speed fan
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Turning Vanes
Under-floor
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Fig. 6. Schematic diagram for the experimental set-up.

Table 1

Design specifications of the HPHX

Design Specifications

HPHX Dimensions 405 mm wide, 945 mm high, and
375 mm deep

No. of coil rows 8 rows of 8 tubes, 5/8” (15.875 mm)

OD x 0.48 mm copper

Centre-to-centre tube spacing 40.0 mm

Fins per inch 12

Fin blocks 4 (each with 2x8 tubes to allow easy
access between rows for welding the

headers to the coil block)

were monitored by two RTD probes. The air state maintained in
the environmental chamber was drawn through HPHX evapo-
rator. A LHG KANALFLAKT, model 315L, variable speed fan
was installed to the left of the HPHX condenser, drawing air
through the ducts, which all had a square section of 305 mm.
The two air flows through the HPHX were such that it operated
in a counter-flow configuration.

The detailed specifications for the HPHX are listed in Ta-
ble 1. The HPHX was wickless, relying on gravitational re-
turn of condensate (i.e. a thermosyphon). The specification for
the associated CWC had external dimensions 405 mm high,
470 mm wide, and 130 mm deep and an air face area of
305 mm x 305 mm. The CWC consisted of 2 rows of 8 tubes,
having the same dimensions, spacing and finning as for the
HPHX. The finned tubes connected to 1-1/4” (31.75 mm) cop-
per headers and stubs.

The dry-bulb and wet-bulb and temperatures of the various
air states were measured using type K thermocouples and the
chilled water supply and return temperatures with RTD sensors.
The output signals from these sensors were recorded and con-
verted into degree Celsius via a Prema Data logging System [8].
During experimental runs the airflow rate was determined us-
ing a micro-manometer to measure the air static pressure drop
across the circular orifice plate located at entry to the testing
rig. This flow measurement system was pre-calibrated by car-
rying out a velocity traverse in the testing duct described in the
next paragraph.

Tri-Sense Anemometer calibration was performed with both
a micro-manometer (up to about 400 mm water gage) and a
U-tube manometer to cover the full range of differential pres-
sures generated by Annubar. The results show that an aver-
age the Tri-Sense Anemometer read approximately 0.08 ms™!
higher than the Annubar. The calibration procedure conformed
to the requirements of ANSI/ASHRAE 41.2-1987 [9].

A total of 20 temperature sensors (18 type-K thermocou-
ples and 2 RTD sensors) were calibrated in a thermostated
water bath. The sensors were calibrated against a Prema Pt100
Immersion Probe 3012, having an accuracy of + 0.005% [8],
over the range of 10 °C to 50 °C. Cold junction compensation
(CJC) was achieved automatically by means of a Prema Pt100
Probe 3011 [8] in an insulated box which also contained the
terminal block into which the thermocouple wires were con-
nected. The Tri-Sense relative humidity sensor calibration was
achieved using saturated salt solutions for which the equilib-
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rium relative humidity is well known for situations where the
air flow is very low, or in closed chambers with no air flow. Ad-
ditional details for instrument calibration procedures may be
obtained from Yau [10].

4. Test conditions

For the HVAC system which was the focus of the broader
scope of this research (a hospital operating theatre without re-
circulation located in Kuala Lumpur), it is the outdoor air state
that would be experienced directly by the HPHX evaporator.
Consequently, in order to obtain relevant performance data for a
HPHX in this environment, it was necessary to cover a range of
DBT and RH values appropriate to this Kuala Lumpur climate.
The general climatic conditions of Kuala Lumpur, Malaysia,
are mostly very hot with an average DBT at 20-33 °C and RH
of 35-90%.

At the same time it was considered necessary to explore a
range of coil face velocities representative of those which might
typically occur in practice.

Thus, for this series of experiments, runs were performed as
follows, with each of the three experimental variables altered
one at a time:

e DBT values of 20°C, 24 °C, 28 °C and 32 °C.

e RH values of 50%, 60%, 70% and 80%.

e Face velocity values in the approximate range of 1 to
2ms~! in 5 increments.

The RH value of < 50% was not tested in this series of
experiments because the experimental set-up (without dehu-
midifier) was not designed to achieve RH value of < 50%, and
also, because the proportion of hours per year for which Kuala
Lumpur experienced RH values below 50% was very small.
Thus, there was a total of 80 (4 x 4 x 5) experimental runs.

Because of some difficulties in achieving precise control of
these parameters, there was some inevitable departure from run-
to-run compared with the target values just listed. As will be
seen, the resultant experimental data is recorded/plotted on an
“as achieved” basis rather than an “as intended” basis. Nev-
ertheless, for simplicity in presentation and discussion of the
data, runs are grouped according to the above nominal values.
Throughout each experiment, the system is allowed to achieve
steady-state equilibrium conditions before data are collected.
Additional details regarding the experimental set-up and opera-
tion may be found in Yau [10].

5. Results and discussion

The following sub-sections describe and discuss the HPHX
performance results and the bias uncertainty in these results.

5.1. Performance results
A modified version of the psychrometric program [11] was

developed to analyse data collected from these experiments.
The data recorded by the Prema 3040 data logger were analysed

Table 2

Energy balance ratio between the return and supply sides of the HPHX
Dry-bulb Energy Balance Ratio (EBR) = %
temperature

[°C] RH=50% RH=60% RH=70% RH=80%
20 1.02 0.99 0.98 0.91
24 0.90 0.89 0.99 0.94
28 1.00 0.96 1.01 1.02
32 0.99 0.92 0.93 0.89
Mass flux rate at 1.6 kg m~2s71(0.150 kg )

20 0.90 0.96 0.99 1.02
24 1.02 0.96 1.00 0.98
28 1.00 0.93 0.93 0.97
32 0.96 1.06 1.11 0.97
Mass flux rate at 1.9 kg m~2s71(0.176 kg s7h

20 0.96 1.00 1.00 1.00
24 0.99 0.97 0.96 1.00
28 1.01 1.01 1.00 0.98
32 1.01 0.99 1.07 0.94
Mass flux rate at 2.1 kg m~2s~1 (0.196 kg s—h

20 1.00 1.00 0.92 0.96
24 0.99 1.03 1.03 0.91
28 0.99 1.02 0.97 0.97
32 1.07 1.06 0.95 0.95
Mass flux rate at 2.2 kg m~2s~1(0.205 kg )

20 1.02 1.02 0.97 1.01
24 0.99 1.03 0.89 0.94
28 1.01 1.03 1.04 0.93
32 0.97 0.99 1.01 1.04

automatically by the psychrometric software. The energy bal-
ance ratio (EBR), as indicated in Table 2, is defined as energy
extracted from the hot air stream divided by energy transferred
to the cold air stream. It is evident that EBR values, for all cases
examined, are ranging from 0.89 to 1.11. These values implied
that experimental uncertainty was present in these data because
the EBR should be equal to unity if all energy extracted from the
hot air stream was transferred to the cold air stream. Therefore,
an error analysis was conducted in Section 5.2. The actual inlet
air states for the HPHX evaporator are included in Figs. 7-10
for convenient reference.

The influence of inlet DBT for the HPHX evaporator on sen-
sible heat ratio (SHR) for process 1-3 (SHR-Active Cooling)
and process 1-5 (SHR-Net) are shown in Figs. 7 and 8, which
are representative of results for the range of conditions tested.”
The full set of data, covering all mass flow rates may be found in
reference [10]. It is evident that, the SHR has been reduced by
the HPHX as DBT at inlet to the HPHX evaporator increased.
In other words, the results imply that moisture removal capabil-
ity for the HVAC system with HPHX was increasing with inlet

2 The air mass flow rate (0.205 kg s1)in Figs. 7-10 is actually the highest
of the five, which were tested. This has been chosen here as being “representa-
tive” because of the fact that the corresponding coil face velocity is closest to
that existing in the air handler of the operating theatre, which is the subject of
detailed modelling in this research.



Y.H. Yau / International Journal of Thermal Sciences 46 (2007) 164—171 169

o
o

OBT=201C

0.8 ———— _

DBT:212C  DBT=238C * +

g RH:=640%  RH=558% oy DET=330°C
e ik RH=513%
207
z DBT=242C
H DBT-19.2C RH=812% DET-281C T
€ p JBHss0x RH=65.7% RH:640%
ql
2 DET=244C DBT=321C
% RH=72.1% DBT=28.3C RH=755%
€ g - FH =75.5%
5 DBT=202'C DBET=231C
z FiH =34.6% RiH =85.7% DBT=287°C DET-318C
O] RH=85.72% el
2 0.4 =852%
[
5 ——SHR-AC [50%]

03 —8—SHR-AC [B0%]

—a—SHR-AC [70%]
——SHR-AC [30%]
0.2 T T T

18 20, 21 22 23 24 25 26: 27 28 280 30 31 32 33 34

Inlet Diy-Bulb Temperature for the HPHX Evaporator [Celsius]

Fig. 7. The influence of inlet DBT for the HPHX evaporator on sensible heat
ratio (SHR) for mass flux rate at 2.2 kg m2s~1

0.8 4

== SHR-Net [50%]
08 —8—SHR-Net [60%]
DET=201C —4—SHR-Met [70%]

RH 618%
0.7 —r—SHR-Net [30%]
e
2 06 \ DBT=238C DBT=288C
Pl FH =557 FH 8627 T
5 i RH =513
0a
] Pl DET-242C DET=291C . e
@ - iJ RH=612% = % g e
Tl B— =01 RH =857 RH =64.0%
2 DET:=19.2C DBT=244 T DBT=283C L
] AT FiH =721 RH =766%
2 5 JpHsssox
& T ————aDBT:221C
02 | peTs202€ peT:231C FH=755%
: RH=84.6% RH=86.T% DBT=287C —
FH=86.7% DBT=318'C
0.1 RH=85.2

0 r T T T T T T T T T T T T T

19 20 21 22 23 24 25 28 2T 28 29 30 A 32 33 4
Inlet Dry-Bulb Temperature for the HPHX Evaporator [Celsius]

Fig. 8. The influence of inlet DBT for the HPHX evaporator on sensible heat
ratio (SHR) for mass flux rate at 2.2 kg m2s~1

DBT. Nonetheless, the influence of the inlet DBT on SHR is
not so significant compared to the inlet RH.

Figs. 9 and 10 show the influence of inlet RH for the HPHX
evaporator on sensible heat ratio (SHR) for process 1-3 (SHR-
Active Cooling) and process 1-5 (SHR-Net). The full set of data
may be obtained in reference [10]. Again, it was observed that
for all cases examined, the SHR-Active Cooling and SHR-Net
were reduced by the HPHX as inlet RH for HPHX evaporator
increased. These results imply that the moisture removal capa-
bility for the HVAC system with HPHX was increasing with
inlet RH for the HPHX evaporator increased. This was due to
the fact that for the same inlet DBT for HPHX evaporator, the
higher RH means smaller enthalpy change (k1 — /) to achieve
apparatus dew point (ADP) temperature, and therefore, the AC
system, i.e. the HPHX evaporator and CWC, utilized a signifi-
cant part of the cooling capacity for dehumidification (moisture
removal) rather than sensible cooling (temperature reduction)
as shown by process 2-3 in Fig. 5.

At the lowest combination of DBT and RH (i.e. 20°C
and 50%), however, for all mass flow rates, the SHR-Active
Cooling was fairly high, ranging from 0.79 to 0.86. These re-
sults indicate that moisture removal capability of the cooling
coils was not enhanced significantly by the HPHX for low DBT
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and low RH. This was attributed to the fact that under these
conditions, the CWC utilised a significant part of its cooling ca-
pacity in sensible cooling. Nevertheless, the use of the HPHX
in the system had reduced the SHR-Net to the range of 0.65
to 0.69 as compared to conventional cooling coils having a sen-
sible heat ratio of 0.75 to 0.85 [12].

Figs. 11 and 12 show the influence of mass flux on sensible
heat ratio (SHR) for process 1-3 (SHR-AC) and process 1-5
(SHR-Net), which are representative of results for the range
of conditions tested.> The full set of data, covering all mass
fluxes may be found in reference [10]. It was observed that
for all cases examined, with the exception that for mass flux
at ~2.2 kgm~2s~! (i.e. the highest mass flux of the five which
were tested), the increased mass flux had negligible influence
on the SHR-AC and SHR-Net. The results are consistent with
the observation, suggested that the law of mass conservation in
the system by the forms of Egs. (6) and (8), that SHR is not a
function of mass flux rate. The apparent deviation at the highest
mass flux (2.2 kgm~2s~!) may be attributed to the fact that at

3 The DBT at32°C in Figs. 11 and 12 has been chosen here as being “repre-
sentative” because of the fact that the DBT at 32 °C is closest to the ASHRAE
1% design method [10] for Kuala Lumpur climate.
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Table 3

The bias uncertainties for the calibrated temperature sensors

Station =~ Max Max Min Min Bias uncertainty Bias uncertainty Error Error
DBT WBT DBT WBT max min DBT WBT
[°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C]

1 29.1 23.7 29.1 23.6 0.01 0.05 0.0 0.2

2 23.7 22.0 21.8 21.8 0.94 0.12 42 0.5

3 20.4 20.1 18.5 18.8 0.982 0.62% 5.0 3.2

4 19.5 19.7 19.4 19.2 0.05 0.27 0.2 1.4

5 26.7 22.0 24.7 20.8 0.98 0.62 3.8 2.9

4 It should be noted that bias uncertainties for station 3 (consisted of individual DBT and WBT sensors) were assumed to
be the same as station 5 due to the fact that station 5 had the highest bias uncertainty values.
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Fig. 11. The influence of mass flux rate on sensible heat ratio (SHR-Active
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Fig. 12. The influence of mass flux rate on sensible heat ratio (SHR-Net) for
DBT at 32 °C.

low air face velocity, moisture removal capability on the finned
surfaces should be better than at higher air face velocity (be-
cause of the improved opportunity for contacting the cold fin
surfaces) and, subsequently, the SHR generally is a little higher
at high mass flux rate.

Although this study centred on tropical HVAC systems in-
stalled with heat pipe heat exchangers for dehumidification en-
hancement, it is good to mention that the size of refrigeration
plants for HVAC systems installed with HPHXs could be ex-
pected to be reduced significantly because of the CWC moisture
removal capability enhancement through re-distributing its la-
tent part of the cooling capacity.

5.2. Error analysis

A bias uncertainty analysis was conducted for a represen-
tative experimental run for the inlet HPHX evaporator DBT at
29.1°C, RH at 65.7% and mass flux rate at ~2.2 kg m2s!
(0.205 kgs~!) and the results were given in Table 3. This rep-
resentative experimental run was chosen because it was at the
mid-range DBT and RH for the range of experimental runs. The
mass flux rate at 2.2 kgm~2s~! was chosen due to the same
reason as mentioned in Section 5.1.

The bias uncertainty for the SHR-active cooling and SHR-
Net are 2.3 and 6.3% respectively. The bias uncertainty for
the energy balance ratio (EBR) is significantly larger at 24%.
These results suggested that non-uniform temperature distribu-
tions were present during this experimental run (Table 2). This
could be traced to the fact that uneven cooling and heating were
present for both chilled water coil and HPHX at stations 2, 3
and 5. The bias uncertainty for stations 1 and 4 were much
lower than stations 2, 3 and 5 (see Table 3) because of better
mixing in these two stations. The details of the bias uncertainty
analysis can be found in reference [10].

6. Concluding summary

In this paper the baseline performance characteristics of the
8-row wickless HPHX used in a vertical configuration were
established over a range of conditions appropriate for a trop-
ical climate. The results would be used to build an empirical
HPHX model in TRNSYS (Transient Systems Simulation Pro-
gram) to simulate realistically the hour-by-hour psychrometric
responses of an actual custom-built air handler unit (AHU) in-
stalled with or without added HPHXSs in future research. The
results of this work also could be used as an important guide for
building services engineers and researchers who are intending
to apply HPHXs as ‘coolness’ recovery and dehumidification
devices in HVAC systems operating in tropical countries. The
main conclusions from this work are:

(1) The experimental results demonstrated that for all cases ex-
amined, the overall SHR of the HVAC system was reduced
from the maximum of 0.688 to the minimum of 0.188 by
the HPHX as inlet DBT to the HPHX evaporator increased.
These results implied that the moisture removal capability
for the HVAC system with HPHX was increasing as inlet
DBT for HPHX evaporator increased.
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(2) For the nominal case of DBT = 20 °C and RH at 50% for
all configurations of mass flow rates, the SHR-active cool-
ing was fairly high, ranging from 0.786 to 0.856. These
results indicated that the moisture removal capability was
not enhanced significantly by the HPHX for low DBT and
low RH.

(3) It was observed that for all cases examined, the SHR-active
cooling and SHR-Net were reduced from the maximum
of 0.856 to the minimum of 0.188 by the HPHX as inlet RH
for the HPHX evaporator increased. These results implied
that the moisture removal capability for the HVAC system
with HPHX was increasing as inlet RH for the HPHX evap-
orator increased.

(4) On the basis of this study, it is recommended that tropical
HVAC systems should be installed with heat pipe heat ex-
changers for dehumidification enhancement.
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