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Analysis of a Wet Surface Finned—-tube
Evaporator of an Air Source Heat Pump
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Abstract

In this study, in-situ performance test of a wet surface finned-tube evaporator of an air
source heat pump which has a rating capacity of 20RT is carried out. Since test conditions,
such as indoor and outdoor air conditions cannot be controlled to satisfy the standard test
conditions, experiments are done with the inlet air conditions as they exist. From the ex-
perimental data, air side heat and mass transfer coefficients were calculated by the well
known heat and mass transfer analogy and tube-by-tube method. Since current procedure
underpredicted the experimental sensible heat factor (SHF), a proper empirical parameter was
introduced to predict the experimental data with satisfactory results. This study provides the
method of evaluating the heat and mass transfer coefficients of a wet surface finned-tube
evaporator of which in-situ performance test is necessary.

Nomenclature ————— i : enthalpy [kJ/kg]
" . enthalpy of saturated moist air [k]/kg)

A area [mf] FP : fin pitch [m]
7 : enthalpy variation over temperature vari- G : mass flux [kg/m? - s]

ation of saturated moist air [k]/kg - K] 3 : heat transfer coefficient [kW/m® - K]
Bo : boiling number hn : mass transfer coefficient [kg/m’ - s]
¢y friction coefficient I . tube expansion interference™ [m]
Co : convection nurber i latent heat of evaporation [kJ/kg]
¢, * specific heat [k]/kg - K] Le : Lewis number, a/Dyp
d : diameter [m] Le’ : experimental constant, Eq. (10)
Dag : diffusion coefficient [m?s) NTU : number of transfer unit

- P . pressure [kPa]
* Thermal/Fluids Control Research Center,
: heat transfer rate [kW]

-0
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136-791, Korea SHF : sensible heat factor [%]
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T . temperature [K]

t;  : fin thickness [m]

U  : overall heat transfer coefficient
[kW/m” - K]

v volumetric flow rate [m%/s]

Vet - frontal velocity of inlet air [m/s]

w . humidity ratio [kg/kgpal
w' : humidity ratio of saturated moist air
[kg/kgpal
X © quality
Greek symbols
a * thermal diffusivity [m%/s]
. effectiveness
/R ¢ fin efficiency
0 : density [kg/m®]
¢ : fin geometric parameter(w)
Subscripts
a D air side
c © contact

cond : condenser

eva . evaporator

f : fin

l : inner side
lat ! latent

0 : outer side

OA ! outdoor air

out : outdoor air

7 : refrigerant side
RA ! return air

SA : supply air

sen : sensible

1. Introduction

Due to recent concern about the depletion of
natural resources and environmental problem,
considerable attention on energy saving has

grown up and a great number of rescarch pro-
jects related to this topic have been carried out.
More recently, ESCO (Energy Service Company)
has been established by the Government for
promoting energy saving projects cffectively.
ESCO has a wide range of business, bu: among
them air-conditioning field has been an impor-
tant issue because in general, energy ccnsumed
by air-conditioning system (including ventilation
and sanitary facilities) accounts for about 47%
of the total energy consumption, comgared to
lighting 24% and others 29%. In order to un-
derstand the actual status of building energy
consumption, in-situ diagnosis method of air-
conditioning system needs to be developed.

Air-conditioning system consists of chiller,
AHU (air handling unit) and other facilities.
Among them, heat exchanger diagnos's can be
regarded as an essential process for the di-
agnosis of total system performance. Heat ex-
changer performance can be presented by over-
all heat transfer coefficient and pressure drop.
One of the most important factors when ana-
lyzing heat exchangers is the air-sice heat
transfer coefficient, which should be measured
for the accurate diagnosis and performance pre-
diction of the total system. An air-side mass
transfer coefficient, which accounts for dehumi-
difying performance, is also an important factor
especially for the cooling coil.

A finned-tube type cross-flow heat cxchanger
is widely used for air-conditioning purpcse and
is composed of circular copper tubes ard alu-
minum fins, which are tightly assembled to-
gether by mechanical enlarging process of
tubes. Refrigerant flows in the copper tubes
and air flows perpendicularly to the refrigerant
flow through the fins. A lot of researcies on
the performance test and analysis of & finned-
tube type cross-flow heat exchanger have been
carried out by many researchers. Park et al”’
investigated the performance variations of finn-
ed-tube type cross—flow heat exchanger with
its design wvariables and conditions and Yun
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and Lee® studied characteristics of finned-tube
heat exchangers with various interrupted sur-
faces experimentally. Hiller and Glicksman® and
Fischer and Rice divided heat exchanger into
three parts according to the refrigerant states
and analyzed them by &-NTU method. Do-
manski® established tube-by-tube method with
the assumption of refrigerant~side mixed and
air-side unmixed.

Analysis of heat exchanger becomes more
complicated if heat and mass transfer occur
simultaneously such as cooling coil or direct
feed evaporator. Han and Kim,(e) and McQui-

7 tried to analyze mass trans-

ston and Parker
fer phenomenon by classical heat transfer rela-
tion and analogy between heat and mass trans-—
fer. Kim et al.® investigated wet surface per—
formance of heat exchangers with slit-wavy

9,10) . .
1 also investi-

fin experimentally. Yoon et a
gated wet surface evaporator performance with
tube-by-tube method® and testified their mo-
delling with their experimental results. They
also emphasized that there is no doubt about
general dry surface modelling, but for wet sur-
face, of which temperature is lower than the
dew point temperature of the air, with its
complicated dehumidification process, no irrefu-
table modelling exists. Performance of heat ex-
changers installed in the field may be inferior
to those in the laboratory because of contami-
nation such as dust.

In this study, air side heat and mass trans-—
fer coefficients were calculated by conventional
method proposed by above-mentioned resear-
chers with in-situ performance test results of
an air source heat pump. Also, conventional
methods based on the theoretical analysis and
various assumptions were investigated whether
they could be used to analyze the heat ex-—
changers operating in the field.

2. Experimental apparatus and procedures

The system investigated in this study is an

air source heat pump that has a rated cooling
capacity of 20RT (or 70kW). The system has
two 75 kW hermetic reciprocating compressors
and uses HCFC-22 as the working fluid. The
evaporator is a 6-row 18-tubes with 18-cir-
cuits finned-tube type cross-flow heat ex-
changer. It is composed of copper tube with
inner and outer diameters of 852mm and 952
mm respectively and corrugated aluminum fin
with 3.2mm fin pitch. The condenser is 5-row
22-tubes with 22-circuits, which is composed
of the same tube and fin as the evaporator
except 2.1 mm fin pitch. Thermostatic expansion
valves, accumulators, filter dryers, suction strain-
ers and sight glasses are also parts of the
refrigerant line. A 75kW airfoil fan with ca-
pacity of 180 CMM at 90 mmAg static pressure
is used for the supply. Temperatures, humidi-
ties, pressures and flow rates are measured for
the calculation of heat and mass transfer co-
efficients. Temperatures are measured by T
type thermocouples with £0.1C accuracy. Hu-
midity transmitters with accuracy of 2% are
used. Condenser and evaporator outlet pres-
sures are measured by strain gauge type pres-
sure transducers with accuracy of £0.1%. A
turbine type flow meter with £0.5% accuracy
is used to measure refrigerant volumetric flow
rate. Pitot tube and micro-manometer with ac-
curacy of *0.19% are used for air velocity
measurement. Volumetric flow rate of air in
the rectangular duct is determined by center
air velocity and predetermined relation between
center air velocity and average air velocity.
For fully developed flow in the rectangular
duct, relation between center air velocity and
average air velocity can be obtained by method
of Hartnett et al.™” Since practical duct flows
are not always fully developed, average air
velocity measurement in practice requires many
measuring points. For a rectangular duct, 16~
64 measuring points are proposed by T.AB.
Standard for HVAC applications"” and thus 16
points are used in this study. All instruments
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Fig. 1 Schematic diagram of an experimental
apparatus.

are scanned by data acquisition system and
transferred to a personal computer through
GPIB and NI Labview program. Schematic dia-
gram of an experimental heat pump is shown
in Fig. 1.

Since experimental heat pump was installed
in the field, experimental conditions could not
be controlled and experiments were done with
inlet air conditions as they existed. Experimen-
tal data were collected every 2 second and if
all temperature changes were within *0.27T
for 20 minutes, these were regarded as steady
state condition. Experiments were carried out
from June 19, 2000 to June 28, 2000 and among
lots of data, 15 sets were used to calculate
heat and mass transfer coefficients. Experi-
mental conditions are shown in Table 1. The
mean heat balance error in the evaporator was
92% and average value between refrigerant

Table 1 Experimental condition

ToalT] 21.8~31.8

TralTl 21.4~232
RH ga [%] 54.3~72.0
P, [kPa] 464~503
P nq [KPa] 1524~1951
V sa [m%s] 257~2.61
¥ trone [11V/5] 1.82~1.84

SHF [%] 65~81

heat gain and air heat loss, whica was re-
garded as heat transfer rate, was used to cal-
culate heat and mass transfer coefficients.

3. Wet surface modelling

Although a lot of analysis methods are avai-
lable, tube-by-tube method is widely used to
analyze finned-tube heat exchanger due to its
accuracy and simplicity. More accurate analysis
can be performed by finite element method, but
its effective advantage is not significant be-
cause it requires much time and additional as-
sumptions.(g) Sensible heat transfer aid latent
heat transfer occur simultaneously on wet sur-
face, of which temperature is lower than the
dew point temperature of the air. ~"he total
heat transfer rate is given by Eq. (1).

Q=hy A0, dT+hmigAsnsdw (1)

A relation between heat and mass transfer co—
efficients can be presented as Eq. (2) by heat
and mass transfer analogy.

7,.’?72—,,, = Le?® 2
Assuming Le=1 for moist air, from Eq. (1) and
Eq. (2), total heat transfer rate on the wet
surface can be presented as Eq. (3). Also, as-
suming no thermal resistance is caused by the
tube wall, condensate and fouling, overall heat
transfer coefficient and heat transfer rate are

given in Eq. (4) and Eq. (5)® respectively.
ha . x
=—%A.9.(i,—1)) 3
Cra
1 _ 7 7 Ca
UA =~ A T A Tnaqs @
Q=UA(i,—i) (5)

where 7 in Eq. (4) is enthalpy variation over
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temperature variation of saturated moist air, ;
is refrigerant side heat transfer coefficient which
can be calculated by Eq. (6) proposed by Kand-
likar."?

hi = [ C,Co% (25 Fr,,) ®+ C3Bo ™ Fy] (6)

In Eq 6), h=0. 023(—di)Re,°8Pr“, Co=

0.8 0.5 . 2
5 ) pom i e S
Fg and Cy 345 are constants. For a super-
heated region, %; can be calculated by Eq. (7
proposed by Gnielinski." Heat transfer coeffi-

(15)
)

cient k. given by Eq. (8 denotes contact

resistance between fin collar and tube.

h = (ﬁ) (Re —1000) Pr(c,/2) o
T \d) 1.0+ 12.W ¢s/2 (PrER—1.0)
he=05.7 exp[7.83
®)

0.02541- d; \*_t, \'5
+2-9( FP - 4, ) (+5) ]

where 7, is fin efficiency for wet surface and

can be presented as Eq. (9)(9) from Schmidt™®

17
d( )

approximation and Threlkel theorem.

, 2ah, _Q
tanh( Cpakftf l
’ 2ah, do—é

Cpakftf 2

Once heat transfer rate is calculated from
experiments, heat and mass transfer coeffici-
ents can be calculated by Eq. (1)~(9) and
tube-by-tube method with assumptions of all
finned surface condensation occurrence if tube
outer wall temperature is lower than the dew

Aﬁn
A,

7/s=1_ 1-

point temperature, no air mixing among steps

and complete condensate drain.®

The steps for the calculation of heat and

given 7, My Tyins RHyin

. N A

¥

r Assume /£, Jlﬁ
¥

r Calculate 7/, J
¥

[ n = number of rows J
I
v

r Assume € ,,.(@Q,) jﬂ————
']

l Calculate heatflux and /4, J
i
I Caloulate 7,;,and 7, ., J
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RH

a.out.cal

Fig. 2 Evaporator simulation program.

mass transfer coefficients from experimental
data are as follows. First, assume heat transfer
coefficient and then calculate mass transfer co-
efficient. Through the air-side first row single-
tube cross flow heat exchanger analysis, inlet
air condition for second row and outlet re-
frigerant condition can be calculated. After all
calculations for each row as mentioned above
are done, evaporator inlet refrigerant condition
can be obtained. If this condition is different
from experimental result, reassume heat trans-
fer coefficient and the above process is repeat-
ed. Fig. 2 shows evaporator simulation process
mentioned above.

4. Results and discussions

Fig. 3 shows the average ratio of heat and
mass transfer coefficients for 15 experimental
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Fig. 3 Heat and mass transfer coefficients
(Le=1).
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Fig. 4 Comparison of experimental Tevaou With
predicted Teva,out‘

data set. Figs. 4, 5 and 6 show calculated eva-
porator outlet air temperatures, humidities and
SHFs (sensible heat factors) respectively. Fig. 3
indicates that heat and mass transfer coeffi-
cients have small variation, since the experi-
ments were carried out for almost the same
air flow rate, which is a typical situation in
the field. For all data, simulation results over—
predicted latent heat transfer and under-pre-
dicted sensible heat transfer according to Fig.
4, 5 and 6, and it seems that conventional
analysis method based on many assumptions
can not simulate field characteristics which is
significantly different from ideal conditions.
The factors for causing deviations of field
performance tests which result in higher SHF

12 ‘—7\

-0.39/kg,,

8 9 10 11 12
Wop (07KGpA

Fig. 5 Comparison of experimental wevaou With
predicted weva,out.
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Fig. 6 Comparison of experimental SHF with
predicted SHF.

than calculated SHF with assumption of ideal
condition are as followings. First, contamination
can be a primary factor. The experimental heat
pump installed in the field has been operated
for many years. Dust and leaves which are at-
tached to the surface of the heat exchanger,
can interfere with heat and mass transfer. If
they disturb smooth condensate drain on the
heat exchanger surface, actual latent heat trans-
fer can be reduced and will yield lower SHF
than predicted values obtained through theo-
retical analysis. Maldistribution of refrige-ant in
the heat exchanger also can be a problem. No
problem occurs if all tubes have enough refri-
gerant flow. But, once a circuit lacks refriger-
ant flow, its evaporating temperature rise ra-
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pidly to yield droplet carry over, which results
in condensate accumulation on the surface and
influx to the supply air."®

But it is very difficult to investigate afore-
mentioned issues in the field. As mentioned
above, heat pump investigated experimentally
in this study has characteristics of high SHF.
To solve this problem, all parameters that are
related to the calculation of SHF are investi-
gated. Empirical constant are then introduced
for better estimation. With definition of experi-
mental constant Le’ as Eq. (10) and X as Eq.
(11), heat transfer rate can be approximated as
Eq. (12) and overall heat transfer coefficient
and total transfer rate can be presented as Eq.
(13) and Eq. (14), respectively. According to
Eq. (12) and Eq. (13), heat transfer rate is
proportional to the sum of enthalpy difference
and X calculated by Eq. (11). For the same
heat transfer coefficient, higher Le’ results in
lower X and higher thermal resistance and thus
lower heat transfer rate.

bk,
Le'= b (10
_ tp(w,— w)(1—Le’)
X= Le (11
. P ..
Q= c, Aang[ Gip— 1)+ X] (12)
20
_ L LS LR
% 15 ] [:hm/h.m.u:,
fE
=10
0.0 R o B

1234567 89101112131415
Data set

Fig. 7 Heat and mass transfer coefficients
(Le'=2.3).

1 1 X
i (13)
U’A UA h"A”ns[(ia—i:)+X]
Ca
Q=U"A(i,—i,) (14)

Each data needs a different Le’ value for the
exact prediction of outlet air temperature, hu-
midity and SHF. By curve-fitting the experi-
mental data, Le’=2.3 shows acceptable results
for all data. Fig. 7 shows heat and mass trans-
fer coefficients calculated by Eq. (10)~(14) with
Le’=23. The results are divided by the aver-
age heat transfer coefficient with Le=1. Fig. §,
9 and 10 show comparison of calculated eva-
porator outlet air temperatures, humidities and
SHFs with experimental results. Fig. 7 indi—-
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Fig. 8 Comparison of experimental Tevaouw With
predicted Teva,ouL
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Fig. 9 Comparison of experimental wevaoww With
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Fig. 10 Comparison of experimental SHF with
predicted SHF.

cates 30% increase in heat transfer coefficients
and 40% decrease in mass transfer coefficients
in comparison with Fig. 3. With the new me-
thod, the field characteristics are reflected well.
Prediction of outlet air conditions are also im-
proved as shown in Fig. 8, 9 and 10.

5. Conclusions

In case of heat and mass transfer coefficient
calculations from in-situ performance test re-
sults, the field characteristics should be imple-
mented for proper evaluation. In this study,
experimental constants Le’ and X were intro-
duced and satisfactory results are acquired. Ex—
tensive studies, however are still required for
complete explanation of abstruse field charac-
teristics.
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