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a b s t r a c t

In an adsorption chiller, the refrigerant (water) operating pressure is low (0.5e5 kPa) and the cooling
power generation of a flooded evaporator is affected by the height of water column. To resolve this issue,
we experimentally investigate the performance of a flooded evaporator as a function of water height. The
results show an optimum water height equal to 80% of the tube diameter leading to achieve the highest
cooling power. Under this condition, the internal and external thermal resistances on the inside and
outside of the evaporator tubes account for up to 73% of the overall thermal resistance. To reduce the
internal thermal resistance, twisted and Z-type turbulent flow generators are incorporated into the
evaporator tubes. The evaporator cooling power shows an increase by 12% and 58% when twisted tape
and Z-type turbulators are used at a cost of an increase in the internal pressure drop by 2.5 and 14.5
times, respectively. The twisted tape and Z-type turbulators improve the average specific cooling power
of the adsorption chiller by 9% and 47%, respectively. To reduce the external thermal resistance, the
outside surface of the evaporator tubes is coated with porous copper. The coated evaporator increases
the overall heat transfer coefficient by 1.4 times and improves the specific cooling power of the
adsorption chiller by 48% compared to the uncoated tubes.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Conventional vapor-compression refrigeration (VCR) technol-
ogy has been the dominant technology of air conditioning systems
for close to a century [1], but its environmental impact and high
energy consumption are contrary to sustainable development. The
synthetic refrigerants used in VCR systems contribute strongly to
climate change and the energy consumption of heating, ventilation,
and air conditioning (HVAC) equipment (including VCR systems) is
considerable. For example, HVAC equipment contributed to over
38% of the total primary energy consumption in the U.S. buildings
sector in 2013 [2]. In the transportation sector, VCR-based air
conditioning (A/C) and refrigeration systems cause a 20% increase
in fuel consumption [3].

In an internal combustion engine (ICE) of a light-duty vehicle
65e70% of the total fuel energy released is dissipated as waste heat
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through the engine coolant and the exhaust gas [4]. Besides, the
need to reduce hydrofluorocarbon (HFC) use has stimulated inter-
est in alternative HVAC systems such as waste heat-driven
adsorption chillers. A portion of the waste heat of an ICE is suffi-
cient to run an adsorption chiller and generate the cooling power
required for the vehicle A/C applications (2e3.5 kW [5]). In addition
to environmental benefits and energy savings, an adsorption chiller
has the benefits of simple construction, no moving parts (except
valves), no vibration, quiet operation, and low operating cost [6e9].
As a result, waste heat-driven adsorption cooling is a promising
technology [2]. However, there are some technical limitations,
including the need to maintain a high vacuum, and have a low
specific cooling power (SCP) and coefficient of performance (COP).
These limitations lead to a large size and heavy system compared to
a conventional VCR system [10e12].

Designing a highly efficient and compact evaporator plays a
significant role in reducing the mass and size of adsorption chillers.
Water has traditionally been used as the refrigerant in adsorption
chillers because of its high enthalpy of evaporation [13]. However,
since the evaporator operates between 3 and 20 �C, its operating
pressure (caused by water) varies between 0.76 and 2.34 kPa [14].
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This low operating pressure mandates a special evaporator design
as the accumulation of liquid water in the evaporator affects the
evaporation rate. The water column in the evaporator creates a
hydrostatic pressure [15] that increases the saturation temperature
or boiling point, as shown in Fig. 1. For an evaporator operating at
1.22 kPa (10 �C), the hydrostatic pressure of water increases the
saturation temperature to 25 �C at the depth of 20 cm, where the
pressure (operating þ hydrostatic) is 3.20 kPa. This temperature
variation inside the evaporator reduces the generation of cooling
power in an adsorption chiller. Under such circumstances, a con-
ventional evaporator fails to perform efficiently.

Several low pressure (LP) evaporator technologies were studied
in the literature: i) falling film, ii) capillary-assisted, and iii) flooded.
The performance of different LP evaporators is compared in Table 1.

In a falling film evaporator, a refrigerant is sprayed on the outer
surface of tubes. Falling film evaporators [18,26e28] provide large
cooling capacities in a low footprint, but they need an equal dis-
tribution of refrigerant on the tubes, and have parasitic power
consumption from an internal pump or circulator [29]. In a
capillary-assisted evaporator, an enhanced tube with finely spaced
external fins (or with fine porous coating) is positioned to be in
contact with a pool of liquid refrigerant. Capillary action draws the
refrigerant from the pool to cover the outside surface of the tube
and produce uniform distribution of refrigerant along the tubes.

A comprehensive experimental analysis on capillary-assisted
evaporators was conducted on several prototypes built in our lab-
oratory at Simon Fraser University [30]. The results showed that the
capillary-assisted tube with 0.635mm fin spacing (40 fins per inch)
and 14.45 mm inner diameter (ID) provided the best performance
among a number of tested tubes [24]. However, the main bottle-
neck was the high internal heat transfer resistance of the liquid
chilled water flowing inside the evaporator tubes [31].

Increasing the inlet chilled water mass flow rate to increase the
internal heat transfer coefficient was not an option of interest
because it results in a lower temperature difference between the
inlet and outlet of the evaporator. To decrease the internal heat
transfer resistance, tubes with smaller internal diameter were used
(GEWA®-K-2615). This commercially available tube with 1 mm fin
spacing (26 fins per inch) and 7.9 mm ID did not show capillary
action as effectively as the tubes with 0.635 mm fin spacing.
Therefore, the heat exchanger tube bundle was immersed in a pool
of refrigerant (known as a flooded evaporator). The main challenge
with this design was the hydrostatic pressure due to the water
accumulation, and consequently, a higher external heat transfer
resistance. Therefore, it is necessary to find an optimum refrigerant
level in the flooded evaporator.

Most of the low pressure evaporation studies for varied filling
γ
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Fig. 1. Schematic of pool boilin
levels were performed on flat plates with standard dimensions
[32]. However, to the best of our knowledge, for a low finned tube
evaporator, the impact of hydrostatic pressure due to the refrig-
erant height was overlooked in the design of LP flooded evapora-
tors. This study attempts to fill this gap by evaluating the effect of
refrigerant height in a flooded evaporator installed in an adsorption
chiller. The turbulent flow generators are inserted into the evapo-
rator tubes to improve the performance and reduce the internal
heat transfer resistance. Finally, to improve the capillary action of
the tubes and improve the flooded evaporator performance further,
the outside surface of the evaporator tubes are coated with porous
copper. The novelties in this paper are the effect of the porous
copper coated LP evaporator and the effect of the turbulent flow
generators on the specific cooling capacity of the adsorption chiller.
This research demonstrates the utilization of a LP evaporator in an
adsorption chiller where low-grade waste heat energy is available
and LP evaporator are vital to the performance enhancement of an
adsorption chiller.
2. Experimental study

A schematic of the LP flooded evaporator built with 12 hori-
zontal tubes (12 pass) used in this study is shown in Fig. 2.
Enhanced tubes with external fins are immersed in a pool of liquid
water. Chilled water, provided by a temperature control system
(TCS), was circulated inside the tubes and transferred heat to the
pool of liquid refrigerant located on the outer surface the tubes. The
tube bundle was placed horizontally at the bottom of the box to
minimize the water height as shown in Fig. 2b. Type T thermo-
couples (Omega, model #5SRTC-TT-T-36-36) with an accuracy of
0.75% of reading were used to record the temperature at the loca-
tions shown in Fig. 2a. A pressure transducer (MKS Baratron®

Capacitance Manometer, Type 722B) with an accuracy of 0.5% of
reading was used to measure the pressure at the outlet of the
evaporator. A differential pressure transducer with 0e206.8 kPa
operating range (Omega, model #PX409-030DWUI) and accuracy
of 0.5% of reading was used to record the pressure drop between
the inlet and outlet of the chilled water line. A low-range differ-
ential pressure transmitter (0e1.25 kPa) and accuracy of 0.5% of
reading (American sensor technologies, model
#AST5100J00005H4Y500) was used to measure the height of the
liquid refrigerant inside the evaporator. A positive displacement
flow meter (FLOMEC, Model #OM015S001-222) with the accuracy
of 0.5% of reading was employed to measure the mass flow rate of
the chilled water.

The tests were conducted on a set of Wieland GEWA®-K-2615
tubes. The geometry and dimensions of this evaporator are
Ao , active heat transfer surface area

g on the surface of a tube.



Table 1
Performance of different LP evaporators with applications to adsorption chillers.

Ref. Evaporator technology Max. cooling
power (kW)

Tube details Operating
pressure (kPa)

Evaporator
material

Refrigerant Thermal
fluid

Heat transfer
coefficient (W/m2$K)

Castro et al. [16] Falling film 2.0 Length - 1.3 m
OD - 0.6300

# of tubes - 36

1.0 Stainless steel LiBr/Water Water e

Florides et al. [17] Falling film/Vertical tube 1.0 Length - 1.0 m
OD - 0.37500

ID - 0.3200

# of tubes - 11

0.9 Copper LiBr/Water Water e

Li et al. [18] Falling film 0.78 Length e 0.7 m
OD - 0.6300

ID - 0.500 to 0.5700

# of tubes - 36

1.0 Copper Water Water Overall U: 3500
(Chilled water flow
rate- 16.7 L per minute)

Sabir et al. [19e21] Capillary-assisted on the
inner surface of the tube

0.7e1.6 Length - 0.3 m
OD - 1 1/800

# of tubes - 9

1.5 Copper Water Air Direct exchange
type: 500e1000 [20]
Internal powder
coated: 3000 [20]

Schnabel et al. [14] Partly flooded and partly
capillary-assisted on the
outer surface of the tube

1.2 Length - 0.4 m
OD - 0.7100

# of tubes - 4

1.1e1.7 Copper Water Water e

Xia et al. [22] Capillary-assisted on the
outer surface of the tube

0.45 Length - 0.36 m
OD - 0.7100

# of tubes - 1

0.8e1.0 Copper Water Water 5500 (DT ¼ 5 K, Tsat ¼ 5 �C)

Lanzerath et al. [23] Capillary-assisted on the
outer surface of the tube

0.3e0.6 Total length - 2.00 m
OD - 0.7400

ID - 0.5200

0.8e2.3 Copper Water Water Overall U: 4250e6100
(Chilled water flow
rate- 16 L per minute)

Thimmaiah et al. [24] Capillary-assisted on the
outer surface of the tube

0.3e0.4 Length - 0.39 m
OD - ¾00

# of tubes - 4

0.5e0.8 Copper Water Water Overall U: 800e1000
(Chilled water flow
rate- 2.3e2.5 L per minute)

Castro et al. [25] Flooded type 7.0 Length - 0.27 m
OD - 0.3900

# of tubes - 16

1.1 Copper Water Water

(a) (b)

Fig. 2. The flooded evaporator: (a) top view and (b) side view. Red dots indicate the position of thermocouples on the tubes and blue dots indicate the position of thermocouples
measuring the temperature of the liquid refrigerant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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summarized in Table 2.
A schematic diagram and a photograph of the adsorption chiller

experimental setup built in our laboratory are shown in Fig. 3. It
consists of two adsorber beds, a condenser, expansion valve, and an
evaporator. Four TCS provide and control the temperatures of these
components. Further details of the two-bed adsorption chiller test
setup can be found in Ref. [33]. The TCS connected to the evaporator
was equipped with a variable speed pump to provide a constant
temperature chilled water to the evaporator at different mass flow
rates.

Before running the experiments, the adsorber beds coated with
AQSOA FAM-Z02 adsorbent were heated using a 90 �C heating fluid
for 8 h and simultaneously evacuated to be completely dried. The
heating and cooling fluid inlet temperatures to the adsorber beds,
and the coolant and chilled water inlet temperatures to the
condenser and evaporator were set, as listed in Table 3. An exper-
iment at cyclic operating conditions was performed continuously
until the dynamic behavior of the chiller became repetitive. At this
stage, the adsorption cycle was repeated for three more times to
ensure the reproducibility of the collected data.

To begin each experiment, the evaporator was evacuated, and
then filled with water to immerse the evaporator tubes. A vacuum
pump was used to evacuate the dissolved gases from the evapo-
rator before the beginning of the experiment. The low-range dif-
ferential pressure transmitter was used to measure the refrigerant
level at the beginning of evaporation. When the temperatures and
pressure inside the evaporator became constant, the control valves
between the adsorber beds and evaporator were opened and the
evaporator pressure was then set by the adsorption rate of the
adsorber beds. To find the optimum level of refrigerant, the water



Table 2
Technical specifications of the enhanced tubes used for the experiments.

Evaporator name and details 5� zoom view Photograph of the evaporator

GEWA®-K-2615 (Wieland Thermal Solutions)
Copper Alloys C12200
Fin type: continuous and parallel fins
OD: 1/200 (12.7 mm)
Fin height: 1.5 mm
Root wall thickness under fins: 0.8 mm
Inside surface area: 0.024 m2/m
Outside surface area: 0.124 m2/m
Number of tubes-12
Number of passes-12
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Fig. 3. (a) Schematic of the adsorption chiller experimental setup available at LAEC [33] and (b) two-adsorber bed adsorption chiller experimental testbeds, Numbers in (b): 1-
adsorber bed(s), 2-condenser, 3-expansion valve, and 4-evaporator.
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Table 3
Specifications and operating conditions of the adsorption chiller.

Parameter Two-bed adsorption chiller

Working pairs AQSOA FAM-Z02/water
Mass of adsorbent per adsorber bed (kg) 0.7
Adsorber bed heat transfer surface area, Abed, (m2) 2.8
Metal mass of adsorber bed (kg) 2.87
Adsorber bed fin spacing (mm) 2.54
Adsorber bed fin dimensions (cm) 30.48 � 3.81 (1200 � 1.500)
Heating fluid mass flow rate to adsorber bed (kg/s) 0.058 (4.1 L/min of silicone oil)
Cooling fluid mass flow rate to adsorber bed (kg/s) 0.062 (4.1 L/min of silicone oil)
Heat capacity of heating and cooling fluids (kJ/kg.K) 1.8
Condenser heat transfer surface area, Acond, (m2) 2.0
Coolant water mass flow rate to condenser (kg/s) 0.052 (3.1 L/min)
Evaporator heat transfer surface area, Afinned, (m2) 0.49
Chilled water mass flow rate to evaporator (kg/s) 0.025 and 0.037 (1.5 and 2.5 L/min)
Heating fluid inlet temperature to adsorber bed (�C) 90
Cooling fluid inlet temperature to adsorber bed (�C) 30
Coolant water inlet temperature to condenser (�C) 30
Chilled water inlet temperature to evaporator (�C) 5/10/15/20
Cycle time (min) 20

(a) 

(b) 

Fig. 4. Behavior of the evaporator at a chilled water inlet temperature of 15 �C vs. time:
(a) evaporator pressure and (b) temperature at different locations in the evaporator.
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level (H*) was varied from 0.2 to 1.0, where H* represents the ratio
of water (refrigerant) height to the tube diameter. For a given
experiment, the filling level H* was constant at every half cycle
after the refrigerant refluxed from the condenser. For the rest of the
tests, the water level was kept at the optimum level. Each experi-
ment at respective filling level H* was repeated three times until
reproducible temperatures and pressures were achieved. In this
study, the average of the last two cycles was reported as the per-
formance of the evaporator (or system).

3. Data analysis

The chilled water inlet and outlet temperatures, Tin and Tout, and
the mass flow rate _min were used to calculate the heat transfer rate
from the chilled water flowing inside the tubes [34]:

_qe ¼ _mincpðTin � ToutÞ (1)

The mean specific heat capacity at constant pressure from
chilled water stream is considered. The total evaporation rate, _Qe, is
calculated by time averaging the heat flow rate:

_Qe½W� ¼

Z t2

t1

_qedt

t2 � t1
(2)

where t1 and t2 are the beginning and the end of the time when the
temperatures in the evaporator remain constant. Finally, the overall
evaporator heat transfer conductance, UA, is given by:

UA ¼
_Qe

DTLMTD
(3)

where A is the nominal surface area of the tubes and DTLMTD is the
logarithmic mean temperature difference between the chilled
water and the liquid refrigerant:

DTLMTD ¼ Tin � Tout

ln
�
Tin�Tsat
Tout�Tsat

� (4)

DTLMTD ¼

Z t2

t1
DTLMTDdt

t2 � t1
(5)
with Tsat the refrigerant saturation temperature.
The overall heat transfer conductance UA can also be expressed

as [35]:
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1
UA

¼
�

1
hoAo

þ 1
hiAi

þ Ro; finned tube

�
(6)

The first term on the right hand side of Eq. (6) describes the
external convective heat resistance due to evaporation on the
external surface of the tube, the second term is the internal
convective heat resistance due to single-phase flow inside the tube,
and the third term is the conductive heat resistance of the tube
wall. To evaluate the internal convective resistance, hi, needs to be
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Fig. 5. (a) Total evaporation heat transfer rate, _Qevap, versus the dimensionless height of the
action.
calculated. The flowof chilled water inside the tube is characterized
by the Reynolds number, Rei:

Rei ¼
rVDi;tube

m
(7)

where, V is the chilled water velocity. For Reynolds numbers higher
than 2300 (2300 < Rei < 5 � 106) Gnielinski correlation [35] can be
used to calculate the Nusselt number:
 

 

.6 0.8 1 1.2 1.4
Href / Dtube

III

refrigerant, H*, and (b) custom-built low pressure evaporator showing partial capillary
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Nui ¼
�
f
2

�
ðRei � 1000ÞPri

1þ 12:7
�
f
2

�0:5�
Pr2=3i � 1

� (8)

with

f ¼ 0:078Re�
1
4

i (9)

Finally, the internal heat transfer coefficient, hi, is calculated as
follows:

hi ¼
Nui kwater

Di;tube
(10)

Then the conductive heat resistance of the tube wall due to the
fin resistance is calculated as explained in Appendix A and Eq. (6) is
rewritten in order to obtain the external heat transfer coefficient
(ho) of the finned tubes:

ho ¼ 1�
1
UA � 1

hiAi
þ Ro; finned tube

�
Ao

(11)

However, the resistance of the finned tube Ro,finned tube depends
on the external heat transfer coefficient. Therefore, an iterative
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Fig. 6. (a) Total evaporation heat transfer rate and (b) the overall heat transfer
coefficient.
process is implemented to calculate ho.
The coefficient of performance (COP) and specific cooling power

(SCP) of the system are calculated to evaluate the performance of
the chiller. The total evaporative cooling energy during adsorption
and the total heat transfer to the adsorber beds during desorption
are:

Qe½J� ¼
Z

adsorption

_mincpðTin � ToutÞdt (12)

Qtotal heating½J� ¼
Z

desorption

_mhfcp; hf
�
Thf ; in � Thf ; out

�
dt (13)

where _mhf is the mass flow rate of heating fluid to adsorber beds,
and Thf ; inlet and Thf ; outlet are the heating fluid inlet and outlet
temperatures, respectively. The COP and SCP are:

COP ¼ Qe

Qtotal heating
(14)

SCP ½W=kg� ¼ Qe

madsorbenttcycle
(15)

where madsorbent is the mass of dry adsorbent inside the adsorber
beds and tcycle is the cycle time (sum of adsorption and desorption
times) given in Table 3.

4. Uncertainty analysis

The systematic uncertainty [36] in calculation of the overall heat
transfer coefficient, U, was 1.1% and the random uncertainty in the
measurement of U over time was 11%. Thus, the maximum uncer-
tainty in the calculation of U was 12%. The detailed calculation of
the total uncertainties for U is shown in Appendix B. The maximum
uncertainties in the calculations of COP and SCP were 13% and 6.7%,
respectively (see Appendix B).

5. Results and discussion

The operating pressure and temperature of the evaporator for a
constant chilled water inlet temperature of 15 �C and a cycle time of
20min are shown in Fig. 4. It can be seen in Fig. 4a that the dynamic
behavior of the adsorption chiller is reproducible during two
continuous cycles. At the beginning of the test (t ¼ 0 s), all of the
thermocouples have the same reading. Upon opening the control
valve, the evaporation temperature is reduced to a value controlled
by the suction pressure of the adsorber bed. Due to evaporation,
heat is transferred from the chilled water to the liquid water
refrigerant, and the chilled water temperature at the outlet of the
evaporator is reduced, as shown in Fig. 4. _Qevap and U are calculated
from the quasi-steady state section of the data as demarcated in
grey in Fig. 4. In this region, U is evaluated using Eq. (3), even
though the adsorption rate is lower in this region. It should be
noted that log mean temperature difference (LMTD) formula was
developed for steady state flow regimes. We also calculated the U
for the first part of the adsorption and noticed that the difference in
the U value compared to that of quasi-steady part was between 8%
and 10%.

Fig. 5a shows the effect of liquid refrigerant height on _Qevap at a
chilled water inlet temperature of 15 �C and a mass flow rate of
2.5 kg/min. _Qevap can be divided into three regions. In region I
(H* > 1), tubes were fully submerged and the hydrostatic pressure
affects the pool boiling in the following manner: i) the pressure



Table 4
Comparison of the evaporator tests.

Chilled water inlet
temperature (�C)

Evaporator tested using vacuum pump Evaporator tested using adsorption chiller

Cooling capacity (W) Overall heat transfer coefficient (W/m2$K) Cooling capacity (W) Overall heat transfer coefficient (W/m2$K)

10 243.1 1377.2 232.0 1300.1
15 346.3 1611.3 326.6 1532.4
20 461.2 1752.4 440.5 1670.5
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gradient between the liquid water-vapor interface and the bottom
of the evaporator increases causing the saturation temperature of
water at the bottom of the evaporator to increase; ii) the temper-
ature difference between the chilled water circulated inside the
tubes and the refrigerant decreases, and thus, _Qevap reduces. In
region II (0.8 <H* < 1), the capillary action partly covers the outside
surface of the tubes. Therefore, the optimum height for the liquid
refrigerant filling is around H* ¼ 0.8. A maximum _Qevap of 326.6 W
was achieved at H* ¼ 0.8. In region III (H* < 0.8), the capillary force
fails to overcome the gravity force and cover the entire surface of
the tubes. Due to loss of heat transfer surface area, _Qevap in region
III decreases.
The performance of the flooded evaporator was also tested for
the optimum liquid refrigerant level at the chilled water inlet
temperatures of 5, 10, 15, and 20 �C. The total heat transfer rates are
compared in Fig. 6a. As the chilled water temperature increases
from 5 �C to 20 �C, _Qevap increases from 135 W to 440 W. The wall
superheat DT is a function of chilled water temperature (Tinlet).
Increasing Tinlet enables a higher DT and thus a higher evaporation
rate. The overall heat transfer coefficient, U, is plotted for different
chilled water temperatures, Tinlet, in Fig. 6b. It can be seen that by
increasing Tinlet from 5 �C to 20 �C, U increases from 790 to 1670W/
m2K. When Tinlet increases, it increases Re and decreases Pr due to
decrease in the viscosity of water. This cumulative effect increases
theNu number. Therefore, the internal convection coefficient inside
the tube increases. Increasing Tinlet results in a higher evaporation
temperature and a lower viscosity of the liquid film around the
tube. Therefore, the external convection coefficient around the tube
increases as well. Thus, higher Tinlet enhances both internal and
external convection coefficients, and as a result, the overall heat
transfer coefficient.

Fig. 6 is the evaluation of the evaporator performance in a sys-
tem coupled to the adsorber beds. We also tested this evaporator
separately and independent of the adsorber beds. The evaporator
when was tested using a vacuum pump instead of the adsorption
chiller gave a similar performance (see Table 4). The test procedure
was similar to procedure used by Thimmaiah et al. [24] and Lan-
zerath et al. [23]. The setup consisted of a TCS and a variable speed
pump to provide a constant temperature chilled water to the
evaporator at different mass flow rates. A control valve was used to
regulate the pressure inside the evaporator. A vacuum pump and
cold trap were used to mimic an adsorber bed. The comparison of
the cooling powers and overall heat transfer coefficients achieved
by using the evaporator installed in the adsorption chiller and that
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Fig. 9. Schematic of turbulent flow generators: (a) twisted tape and (b) Z-type. Geometrical details of (c) twisted tape and (d) Z-type turbulent flow generators.
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tested independently shows less than a 6% difference under chilled
water inlet temperatures of 10e20 �C.

In Fig. 7, the evaluated values for ho, hi, and U are plotted versus
chilled water temperature for a chilled water mass flow rate of
2.5 kg/min. The convective heat transfer coefficients in the evapo-
rator tubes are hi¼ 3627W/m2K and ho¼ 1390W/m2K at 15 �C. The
internal convective coefficient (hi) is 2.6 times higher than ho. hi is
high due to the small ID of the tube, while the pool boiling results in
a low ho. The thermal resistances of the evaporator for a chilled
water mass flow rate of 2.5 kg/min are shown in Fig. 8. As the
chilled water inlet temperature varies from 5 to 20 �C, the internal
Table 5
Comparison between the cases with turbulators and without turbulators.

Case # Turbulator type Mass flow
rate (kg/min)

Volumetric
flow (m3/s)
V

Pressure drop (kPa)
DP

Po
P

1 e 1.5 2.33E-05 8 0.
2 e 2.5 5.80E-05 7.9 0.
3 twisted-tape 1.5 2.33E-05 19.8 0.
4 Z-type 1.5 2.33E-05 115 2.
thermal resistance (1/hiAi) varies from 32% to 50% of the overall
thermal resistance (1/UA), the conductive resistances (Ro; finned tube)
is about 28%, and the external convective resistance (1/hoAo) de-
creases from 34% to 23%. The conductive resistances of enhanced
tubes depend upon the overall fin efficiency (ho, fin) and ho. In Eq.
(6), ho appears in both external convective heat resistance and
conductive heat transfer resistance due to the fins. Therefore,
increasing ho of the enhanced tubes can be favorable to reduce the
overall resistance of the evaporator.

The internal thermal resistance dominates the 1/UA for chilled
water temperatures from 10 to 20 �C, mainly due to the small in-
ternal heat transfer surface area of the tubes. For the chilled water
temperature of 5 �C, 1/hoAo has the greatest influence on 1/UA due
to the low saturation pressure of water at 5 �C.

To reduce the overall thermal resistance for any chilled water
temperature, the internal resistance of the evaporator should be
reduced. This can be achieved by incorporating turbulators,
enhancing the internal heat transfer surface area, Ai, or increasing
the mass flow rate. Increasing Ai for 7.9 mm ID tubes is not practical
and increasing the mass flow rate results in a higher pressure drop
and higher pumping power. Also, increasing the mass flow rate
results in a lower temperature difference between the inlet and
outlet of the evaporator. Therefore, to improve the thermal per-
formance of the evaporator, two types of turbulent flow generators
(twisted-tape [37] and Z-type) were tested.

Twisted tape turbulent flow generators were chosen based on
the work of Piriyarungrod [37]. The incorporation of turbulent flow
generators disrupts the flow and thermal boundary layer of the
thermal fluid and produces vortices. A schematic of a twisted tape
turbulent flow generators is shown in Fig. 9awith geometric details
shown in Fig. 9c. The Z-type turbulent flow generator and its
detailed geometry, designed with the help of Voss Manufacturing
Inc. [38], are shown in Fig. 9b and d. Z-type turbulent flow gener-
ators further enhance the chaotic flow, particularly at low Re
numbers. However, introducing inserts significantly increased the
pressure drop in the evaporator tubes to the extent that the pump
could no longer maintain the flow rate of 2.5 kg/min. Therefore, the
following experiments were conducted at a mass flow rate of
1.5 kg/min.

A comparison of the thermal resistances and pressure drops of
evaporators using twisted tape and Z-type turbulent flow genera-
tors are shown in Fig. 10. Twisted tape provides a 12% reduction in
the overall thermal resistance and results in a 2.5 times higher
pressure drop than that of tubes with no turbulators. Z-type inserts
caused a 58% reduction in the overall thermal resistance while they
resulted in a 14.5 times higher pressure drop. This significant
pressure drop and more pump power must be considered in the
overall design of an adsorption chiller.

The effect of the turbulent flow generators on the COP and SCP
of the adsorption chiller are shown in Fig.11. The tubes with twisted
tape inserts provided, on average, a 10.5% improvement on the COP
and a 9% improvement on the SCP of the chiller versus that with the
tubes without turbulators. The tubes with Z-type turbulators pro-
vided, on average, a 41% improvement on the COP and a 47%
wer consumption (W)
¼ DP*V

Increase in power
consumption (%)

SCP (W/kg) Increase in SCP (%)

19 e 161.9 e

46 142 233.7 44.3
46 142 180.2 11.3
68 1310 237.7 46.8



Fig. 12. Photographs of uncoated (UE) and coated evaporators (CE).
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improvement on the SCP. However, Z-type turbulent flow genera-
tors resulted in an average pressure drop of 115 kPa (14.5 times
higher than tubes with no turbulator). Higher pressure drop in-
creases the adsorption chillers overall energy consumption (see
Table 5).

Since the external thermal resistance shown in Fig. 8 corre-
sponds to up to 34% of the overall thermal resistance, and a higher
ho reduces the fin thermal resistance, Rfin, the utilization of porous
copper coating on the external fins needs to be exploited to further
increase the COP and SCP of the adsorption chillers. It was shown
theoretically and experimentally that the application of a porous
coating to the finned surface has a positive effect on the heat
transfer coefficient [23,39]. The photos of the coated evaporator
(CE) and uncoated evaporator (UE) are shown in Fig. 12.

The performance of the porous copper CE was tested at the
liquid refrigerant level (H*¼ 0.5) and amass flow rate of 2.5 kg/min
at the chilled water inlet temperatures of 5, 10, and 15 �C. The
overall heat transfer coefficients of UE and CE are compared in
Fig. 13a. It can be seen that by increasing Tinlet from 5 �C to 15 �C, U
of the CE increases from 1237 to 1978 W/m2K. In addition, U of the
CE is 40% higher than the U of the UE. A comparison of the thermal
resistances of UE and CE is shown in Fig. 13b. CE caused, on average,
a 92% drop in overall thermal resistances over the UE. Schnabel
et al. [40], achieved a 2.5-times higher total heat transfer with
galvanic coating of plain tubes compared to uncoated tubes and
according to their study, internal heat transfer limited the overall U.
The thermal coated evaporator examined at chilled water mass
flow rate of 16 kg/min in the work of Lanzerath et al. [23] enhanced
the overall U by 50% compared to the uncoated finned tubes. By
contrast, at low chilled water mass flow rate of 2.5 kg/min, the CE
examined in this work enhanced the overall U by 30%.

The effect of the CE on the COP and SCP of the adsorption chiller
are shown in Fig. 14. CE provided, on average, a 20% improvement
on the COP and a 47.6% improvement on the SCP of the chiller
versus UE. While, the pressure drop of the system remained un-
changed similar to UE.
6. Conclusion

An LP flooded evaporator was built with 12 passes of horizontal
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tubes immersed in a pool of water. Reducing the height of liquid
refrigerant below the optimum height (0.8 times of the tube
diameter) had a negative effect on the cooling power of the flooded
evaporator. The main bottleneck to the thermal performance of the
flooded evaporator was the internal heat transfer. Therefore, two
different turbulent flow generators (twisted tape and Z-type) were
inserted into the evaporator tubes. The insert turbulators resulted
in a significant improvement in both specific cooling power (SCP)
and coefficient of performance (COP) of the adsorption chiller.
However, they created a large pressure drop for the chilled water
side. The main findings of this study were summarized as follows:

� The optimum height for the liquid filling was H* of 0.8 which
provided the highest cooling power of 326.6 W.

� The overall heat transfer coefficient, U, of the evaporator at
optimum liquid level was 1500 W/m2K.

� The internal thermal resistance contributed to up to 50% of the
overall resistance.

� The conductive and external convective resistances, on average,
contributed to 32% and 25% of the overall thermal resistance,
respectively.
� Twisted tape turbulent flow generator provided an average of
12% reduction in the overall thermal resistance and a 20 kPa
increase in the pressure drop.

� Z-type turbulent flow generator provided an average of 58%
reduction in the overall thermal resistance of the evaporator and
a 115 kPa increase in pressure drop.

� Twisted tape provided an average of 10.5% and 9% improvement
on the COP and SCP, and Z-type provided an average of 41% and
47% improvement on the COP and SCP of the adsorption chiller,
respectively.

� Porous copper coatings were employed on the outside surface of
the evaporator tubes to improve the flooded evaporator
performance.

� The overall heat transfer of the coated evaporator was increased
by 1.4 times compared to that of the uncoated evaporator.

� The coated evaporator improved the average SCP of the
adsorption chiller by 47.6%.
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Appendix A

The tubes of interest in this study have circumferential, rect-
angular cross-section fins. The efficiency of a fin located on the
surface of the tube with circumferential, rectangular cross-section
fins can be calculated by Ref. [35]

hf ¼ C
�
K1ðmr1ÞI1ðmr2cÞ � I1ðmr1ÞK1ðmr2cÞ
I0ðmr1ÞK1ðmr2cÞ þ K0ðmr1ÞI1ðmr2cÞ

�
(A1)

where

C ¼ ð2r1=mÞ�
r22c � r21

� (A2)

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 

2ho
kcoppertf

!vuut (A3)

r2c ¼ r2 þ
�
tf
.
2
�

(A4)

Af ¼ 2p
�
r22c � r21

�
(A5)

and r1 and r2 are the distances from the center of the tube to the fin
base and fin tip, respectively, I0, and K0 are the modified, zero-order
Bessel functions of the first and second kinds, respectively, I1, and
K1 are the modified, first-order Bessel functions of the first and
second kinds, respectively, tf is the fin thickness and Af is the fin
heat transfer surface area.

The total external heat transfer surface area of the finned tube is
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At ¼ N
�
Af þ Ab

�
(A6)

where N is the total number of fins, Ab is the prime (plain exposed
portion of the base) heat transfer surface area of the finned tube, tb
is the space between two fins and

Ab ¼ 2pr1tb (A7)

Using Eqs. (A1), (A5), and (A6), the overall efficiency of the
finned tube can be calculated [35]:

ho; fin ¼ 1� Af
Af þ Ab

�
1� hf

�
(A8)

Consequently, the conductive heat transfer resistance due to the
fins of the finned tube is

Rfin ¼ 1
ho; finhoAt

(A9)

In addition, the conductive resistance of wall located under the
fins is

Rwall ¼
lnðr1=r0Þ
2pkcopperL

(A10)

where r0 and L are the internal radius and length of the finned tube,
respectively. Rfin and Rwall are thermal resistances in series.
Therefore, the overall conductive resistance of the finned tube is

Ro; finned tube ¼ Rfin þ Rwall (A11)

Information required in calculating the overall resistance of the
evaporator is listed in Table A1.
Table A1
Detailed geometry of the evaporator tube.

Parameter GEWA®-K-2615

L 3.6 m
r0 3.95 � 10�3 m
r1 4.75 � 10�3 m
r2 6.25 � 10�3 m
tf 3.00 � 10�4 m
tb 7.00 � 10�4 m
kcopper 340 W/m$K
At 0.491 m2

Ai 0.089 m2
Appendix B

The systematic uncertainty [36] in the evaporator heat transfer
rate calculation is:

�
d _qe
_qe

�
systematic

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
d _min
_min

�2

þ
�
dðTin � ToutÞ
Tin � Tout

�2
s

(B1)

where,

dðTin � ToutÞ
Tin � Tout

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dTin
Tin

�2

þ
�
dTout
Tout

�2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:00752 þ 0:00752

p
¼ 0:01

(B2)
Thus, the maximum systematic uncertainty in the calculation of
evaporator heat transfer rate is:

�
d _qe
_qe

�
systematic

� 100 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0052 þ 0:012

p
¼ 1:1% (B3)

Also, the standard deviation for _qe due to the random uncer-
tainty is 5.6%. Thus the maximum uncertainty of _qe during the
experiments is 6.7% (¼ 1.1% þ 5.6%). Eq. (B4) gives the systematic
uncertainty of the overall heat transfer coefficient:

�
dU
U

�
systematic

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
d _Qe
_Qe

!2

systematic

þ
�
d DTLMTD

DTLMTD

�2

vuuut (B4)

where

 
d _Qe
_Qe

!
systematic

and d DTLMTD
DTLMTD

are equal to 1.1% and 0.04%,

respectively. Therefore,
�
dU
U

�
systematic

is equal to 1.1%

(z(1.1%þ 0.04%). The random uncertainty in themeasurement of U
over time is 10.8%. Thus, the maximum uncertainty in the calcu-
lation of overall heat transfer coefficient is 11.9% (¼ 1.1% þ 10.8%).
Similarly, the maximum uncertainty in the calculation of
Qtotal heating was 11.1% (¼ 1.1% þ 10%). Therefore, the maximum
uncertainties in the calculations of COP and SCP were as follows:

dCOP
COP

� 100 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dQe

Qe

�2

þ
 
dQtotal heating

Qtotal heating

!2
vuut � 100

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0672 þ 0:1112

p
� 100 ¼ 12:9% (B5)

dSCP
SCP

� 100 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
dQe

Qe

�2

þ
�
dmadsorbent

madsorbent

�2

þ
 
dtcycle
tcycle

!2
vuut � 100

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0672 þ

�
1

700

�2

þ
�

1
1200

�2
s

� 100 ¼ 6:7%

(B6)

Nomenclature

A heat transfer surface area (m2)
A/C air conditioning
b coefficient of cubic expansion (K�1)
cp heat capacity at constant pressure (J/kg K)
COP coefficient of performance
DT wall superheat (K)
DTLM log mean temperature difference (K)
D diameter (m)
f friction factor
g gamma angle (rad)
g standard gravity (m/s2)
Gr Grashof number
H height (m)
h heat transfer coefficient (W/m2 K)
HFC hydrofluorocarbon refrigerants
HVAC heating, ventilation and air-conditioning
ICE internal combustion engine
ID internal diameter (m)
k thermal conductivity (W/m K)
L length of the tube (m)
LP low pressure
m mass (kg)
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_m mass flow rate (kg/s)
NTU number of transfer units
Nu Nusselt number
OD outer diameter (m)
P pressure (Pa)
Pr Prandlt number
_Q total heat transfer rate (W)
_q heat transfer rate (W)
R Resistance (K/W)
r radius (m)
Re Reynolds number
r density (kg/m3)
T temperature (�C)
TCS temperature control system
t t cycle time (s) time (s)
n kinematic viscosity (m2/s)
U overall heat transfer coefficient (W/m2 K)
V velocity (m/s)
VCR vapor compression refrigeration cycle

Subscripts
ads adsorbent
chilled chilled water
copper copper tube
e Evaporator
finned finned tube
i in
in inlet chilled water
o out
out outlet chilled water
pitch pitch of the finned tube
ref refrigerant
sat saturation
tube evaporator tube
vap vapor
wall tube wall
water evaporating water

Superscript
* Dimensionless
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