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Abstract

Ammonia has been used as refrigerant for more than 100 years in absorption as well
as in compression systems. Due to its poisonous and inflammable properties, however, its
use has been mainly on heavy industrial plants in which regular maintenance is
available. For these systems, condensers are generally water-cooled. This is suitable for
large systems over 20RT but is not suitable for small systems. In order to apply
ammonia for a small system, it is important to adopt an air-cooled condenser. In this
study, simple numerical analysis of an air-cooled condenser for an ammonia refrigeration
system has been carried out. The condenser is designed as horizontal tubes with plate
fins attached at the outer surface to enhance the air-side heat transfer rate. Effect of fin
shape and arrangement are studied in detail. Since the local heat transfer coefficient is
highest at the leading edge, heat flux is highest at the edge and decreases along the
distance. Conditions of inlet air are also varied in the study and condenser length that is
required for full condensation is calculated. The results show that it is important to
enhance both the air-side and internal heat transfer coefficients.
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Pe : Peclet number
Pr : Prandtl number

Re : Reynolds number

S ! source term

S; : vertical tube pitch, m

S, : horizontal tube pitch, m

St : Stanton number, St=Nu/(Re * Pr)
U, : overall heat transfer coefficient,

W/(m® - K)

V : velocity, m/s; volume, m®

x !X coordinate

y .y coordinate

7y : fin efficiency

7, : fin effectiveness

Subscript
h  : hydraulic
i . internal
. liquid
0 :external

TP : two-phase

1. Introduction

Ammonia has been used as refrigerant for
more than 100 years in absorption as well as
in compression systems" ™, Due to its high
operating pressure, poisonous and inflammable
properties, however, its use has been mainly
on heavy industrial plants in which regular
maintenance is available. For these systems,
condensers are generally water-cooled. This
is suitable for large systems over 20RT but
is not suitable for small systems. In order to
apply ammonia for a small system, it is im-
portant to adopt an air-cooled condenser.

In order to develop high efficiency air-cooled
heat exchangers, numerous studies on heat
transfer characteristics have been carried by
experiment and numerical simulation.® Kays
and London” have compiled heat transfer and

pressure drop correlations for a large number
of fin-tube heat exchangers based on their
measurements. For staggered tubes with plate
fins, heat transfer and friction correlations are
proposed by several researchers. For a sepa-
rate fin, Briggs and Young correlation® is
suggested for heat transfer, and Robinson and
Briggs correlation® for pressure drop. For
continuous fins, Gray and Webbs correla-
tion™® based on measurements is widely used.
These correlations based on experiment are
difficult to generate since they require time
and costly experiment setups. Recently, nu-
merical simulation for predicting the perfor-
mance of heat exchangers is becoming po-
pular. Since the geometry of heat exchanger
is rather complex, numerical simulation is us-
ually done with commercial softwares such
as Star-CD, Phoenics, Flow-3D, Fluent and
etc. These softwares are convenient but re-
quire a great deal of effort and time to learn
and use. Besides, commercially available soft-
wares have difficulties solving problems that
involve phase changes.

In this study, simple numerical analysis of
an air-cooled condenser for a S5RT ammonia
refrigeration system has been developed. This
method calculates the 2-dimensional tempera-
ture distribution of fins and can be applied to
fins of other shapes. With this simple nu-
merical method, the effect of fin pitch, fin
thickness, tube pitch, tube diameter, air velo-
city and air temperature is studied.

In general, water-cooled condensers are
designed as horizontal or vertical tubes with
cooling water flowing inside the tubes. Con-
densation of refrigerant occurs at the outer
side of the tube as heat is rejected to the
cooling water flowing inside. In an air-cooled
condenser, however, condensation occurs in-
side the tubes and heat is rejected to the
ambient air which passes across the tubes.



106 Youngil Kim and Byung Ha Kang

QGC

b2

Fig.1 Air-cooled condenser

Since the inside condensation heat transfer
coefficient is much greater than that of the
air-side, thermal resistance occurs mainly on
the outer surface. To increase the effective
heat transfer area, plate fins are attached.

Air-cooled condenser chosen in this study
is shown in Fig.l. Condensation of the wor-
king fluid occurs inside the tubes which are
arranged horizontally and plate type fins are
attached at the outer surface to increase the
outer heat transfer area. Flow direction of air
is also shown in the figure.

2. Analysis Model

For analysis, the heat exchanger is divided
into two parts - outside and inside. On the
outside, heat transfer occurs between air and
fin/tubes and no phase change occurs.

Figure 2 shows the arrangement of tubes
and plate fins. Air flows from left to right.
Area for calculating temperature distribution
is represented with hatched lines. Table 1 lists
the heat exchanger specifications and condi-
tions of air. Unless stated otherwise, default
values in the table are used.

calculation domain
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Fig.2 Arrangement of tubes and fins

Table 1 Simulation conditions

. default modified
parameter unit value value
b mm 4 2
k mm 03 0.6
S/ 8 mm 40 / 40 80 / 80
dy / di mm 14 /10 20/ 16
Vair m/s 1 5
Toir € 3H 25

Overall heat transfer coefficient U, between
the fluid inside the tube and outer air can be
represented as

D A, A, In(d,/d;) 1
U, =~ mA; T 2zke Tt @
ho= 0ok 4y 2
ro=1--40-7)) ®)
9= v____(_)_tanhman 4
_ " hairP
haip= FGC,Pr ~%3 6)

External heat transfer coefficient h, is ob-
tained from the total heat transfer rate of the
heat exchanger. Total heat transfer rate is
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the summation of heat transfer from the fins
and base of the heat exchanger. This is cal-
culated by integrating the convective heat
transfer over the total fin and base area.
Heat transfer between air and fin becomes
a conjugate heat transfer in which conduction
and convection should be considered simulta-
neously. Considering these two effects, tem -
perature distribution of the fin is calculated

and the fin efficiency can be obtained from
this result. When default values in Table 1
are used, the Reynolds number becomes 503.
Therefore, the flow between two fins is assu-
med laminar. Laminar Nu number correla-

1 of a flow between two plates in which

tion
the effect of thermal entry length is consi-
dered, is given in Eqn. (7). Coefficients for
Eaqn. (7) are given in Table 2. Hydraulic dia-

meter dj is twice the distance between the

fins.
__ ZGuexp(—43x")
Nu,= 3G, /A% exp(—Aix™) @
+ __ ledh
= "Re Pr (8)

Figure 3 shows the Nusselt number vari-
ation along the distance. The Nu number is
large in the entry region in which the boun-
dary layer is developing. At x* =0.03, Nu
number converges to a constant value. Sub-
stituting default values in Table 1 in Eqn. (8),

Table 2 Coefficients in Eqn. (7)

n A% G,
0 15.09 1.717
1 171.3 1.239
2 498 0.952
1 20 _
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Fig.3 Nu number for a paralle]l plate

x becomes 42mm from the tip and after this
length, heat transfer coefficient becomes a con-
stant small value.

Flow around the tube is assumed a flow
around a cylinder and Churchill and Bernstein

12 s used.

correlation

For 10> < Re < 10’ and Pe > 0.2

Nu =03+ [1+( 281;500)5/8]4/5 ©@

For 2x10* <Re < 4x%10° and Pe > 02

Nu =0.3+4 [1+( 2812‘(‘)300 )”2] (10)

0.62 Re 217; 11//34
[1+(Er) ]

Due to conduction and convection heat tran -
sfer, temperature distribution exists in the fin.
Boundary which is in contact with the tube is
assumed constant temperature while other
boundaries are assumed symmetrical. For this
steady 2-dimensional problem, the governing
equation becomes

where A=

_ad_ oT _a_ oT -
ax(k, < )+ ay(k,——ay)+5-—0 (11)
S denotes heat generation due to convec-

tion.
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Convective heat transfer k, is a function

of distance and Eqn. (12) is solved by finite
difference method."™®

Ammonia flows inside the tube with phase
change. For thermodynamic properties of ammo-
nia, correlation by Harr and Gallagher(w is
used. For ftransport properties, correlations
are derived by curve fitting the table values
given by Liley and Desai."® Ammonia enters
the condenser as superheated state (5767T,
16.5bar) and the temperature is decreased as
desuperheating occurs. As the temperature
reaches the saturation temperature, condensa-
tion begins to occur. Subcooling follows after
completion of the condensation process. The
whole process is shown in Fig.4. The pre-

ssure drop in the condenser is assumed ne-

gligible,
Desuperheating and subcooling processes
superheated  two phase  subcooled
vapor condensation  liquid

1 U
— x
i

Fig.4 Condensation model
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Fig.5 ] factor for a plate fin

are assumed as a single phase flow. For a
laminar flow, Nu=4.363 is used while for a
turbulent flow, well known Dittus and Boelter
correlation is used.

Nu = 0.023 Re®® pr04 (13)

For a two-phase flow, Shah's correlation is
used."®

hy = 0.023 Re {*® Pr £~4—-’% (14)

0.76 3 0.04
th= hL[X0'8+_3"E8;C/PT)§3§“] (15)

where X =1—zx.

3. Results and Discussions

Numerical results are compared with the
experimental results by Kays and London™
in Fig.5. Shape, dimension and arrangement
of fins are shown in the figure. Eqn. (2)
through (6) are used when converting cal-
culated results to j-factors. Numerical results
are smaller than those of the experiment but
overall, they are in good agreement.

Figure 6 shows the temperature distribu-
tion of the fin. Temperature drop is large at
the leading edge where the heat transfer coe-
fficient is largest. Minimum temperature is
observed at the upper left corner where the
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Fig.6 Temperature contour lines
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heat transfer coefficient is greatest and the
distance farthest from the tube. Fig.7 shows
the heat transfer rate per unit area divided by
the average value. The values are large near
the leading edge and the maximum occurs at
the lower left corner.

Figure 8 shows the effect of air velocity on
Nu number and percentage of heat removal
by fin. Fin efficiency increases as air velocity
increases but due to noise and pressure drop,
air velocity is usually constrained to a certain
limit. For an air-cooled condenser, the facial
air velocity is usually designed around 3m/s.
In this case, the heat transfer from the fins is
more than 90%. Therefore in order io achieve
high performance, fin design and good main-
tenance of fins to minimize fouling are im-
portant.

Figure 9 shows that by decreasing the fin
pitch from 4mm to 2mm, the condenser length
is decreased significantly. This increases the
heat exchanger efficiency without increasing
the overall heat exchanger size but the pre-
ssure drop on the air-side will increase. Fi-
gure 10 shows the effect of fin thickness. By
increasing the thickness from 3mm to 6mm,
the performance is increased only slightly.

Figure 11 shows that by increasing the fin
area, the required condenser length is decre-
ased. This will, however, increase the overall
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Fig.7 Heat flux contour lines

size. In Fig.12, it shows that tube diameter
has little effect on the performance. As the
tube diameter gets smaller, the internal heat
transfer coefficient is increased due to the
increase of Reynolds number but the air-side
heat transfer coefficient is decreased. These
two factors offset each other somewhat. In-
ternal pressure drop is increased as tube dia-
meter gets smaller.

Air velocity has a significant effect on con-
denser length as shown in Fig.13. Increased
air velocity gives better performance of the
heat exchanger but both fan power and noise
will increase. Figure 14 shows that as air
temperature is decreased from 35T to 257,
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fin thickness = 0.3 mm
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Fig.10 Effect of fin thickness
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Fig.11 Effect of tube pitch
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the condenser length is decreased signifi-
cantly.

Recently, numerous studies are being done
to increase the internal heat transfer coeffi-
cient.® In this particular case, condensation
heat transfer is 67 times greater than that of
the air-side. The air-side heat transfer area
is about 24 times greater than that of the
internal side. Therefore, internal overall heat
transfer coefficient is about 2.8 times greater.
Figure 15 shows the effect of internal heat
transfer coefficient. If the internal heat tran-
sfer coefficient is doubled, condenser length is
decreased 29% at 0.5g/s, and 9% at 5g/s.
Overall performance is affected more in the
low mass flow rate case since the internal
heat transfer coefficient is small due to the
small Re number.

4. Conclusions

Simple numerical analysis to predict the
performance of an air-cooled condenser for
an ammonia refrigeration system has been
developed. This method has advantages with
respect to time and cost when compared to
experiment and commercial CFD softwares.

Fin efficiency is better when closer to the
leading edge and this should be incorporated
when designing fins. Condenser length de-
pends significantly on fin pitch, tube pitch, air
velocity and temperature. Tube pitch is rela-
ted to the heat exchanger size. Fin pitch and
air velocity are related to pressure drop and
noise. Fin thickness and tube size have little
effect on the condenser performance. Internal
heat transfer coefficient becomes an impor-
tant factor if the air-side area is increased
substantially by attaching fins.
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