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Abstract

This investigation deals with the performance prediction of the cross flow air cooled
heat exchangers. Experimental and theoretical studies were conducted to perform the
optimization of the thermal design of the heat exchanger. The experimental work was
carried out by two different types and sizes of finned tube air cooled heat exchangers. An
experimental rig was built for this object which provides hot water at the range of (40 to 70)
C° with water circulating rate of (200 to 1800) I/hr at absolute pressure of (2) bar. A
centrifugal fan was installed as a major part of the experimental rig to provide atmospheric
air with volumetric flow rate of (1250 and 2500) cfm.

The performance parameters measured in the experimental work were flow rates and
temperature at the entering and leaving sides of the process and service fluids passing
through the heat exchanger. Further, the water side operating pressure at the inlet and exit
ports, and the wet bulb temperature of air on both sides of heat exchanger have been
measured as well. The entering air dry bulb and wet bulb temperatures were in the range
(16 to 24) C° and (13 to 20) C° respectively. The air leaving dry bulb and wet bulb
temperatures were (23 to 40) C° and (15 to 26) C° respectively.

In the theoretical part of this work, a simplified correlation for the air side heat
transfer coefficient for the cross flow heat exchangers was suggested in the present work.
This formula was based on the dimensionless groups of the Buckingham-pi theorem. It was
incorporated in the general formula for the overall heat transfer coefficient for the
prediction of the heat exchanger performance. The discrepancy between the predicted and
experimental values of the overall heat transfer coefficient and heat duty were within (2%)
and (4%) respectively for both of the tested tube banks. The results of the present
correlation of the air side heat transfer coefficient revealed a good agreement with that of
the well known McQuiston method.

88



Journal of Engineering and Development, Vol. 12, No. 3, September (2008)  ISSN 1813-7822

i a4l

Lilae pina] jo 385 a5 abaldiall bl iy ol selly 59 e ol n OYolse 0¥ paiily Condll Jia Jalels
Cun (o ddlise o) gglly 5 e Yolsa alasiv] aF Leel) cailad) 3iiil | o Yoluall ode) Sia¥) ppaaill S Y 4 L
(£+) cm sl 5la Sla o s palud] elal] pgads o 5dli i i) J3gh 4 pise dapliia el a7 aaadly £ il
(V) olie 3lhs bty dela/ il (VAo ) N deluf/ il (Yoo ) el Gaa adi Gl doears % (Ve) 5 %
ol elsgll g jil 4y pisall dashiall jo iy e jaS (Centrifugal Fan) €S < e/s8 dedlo cunii a7, b
Addy 2 (Y00 ) J didy/ a2 (VY00 ) o jlake iann lysa Jivas

S g il S8l 5 )] ga da s Slosadl Yare Siad duleal] o plaill SIS Ll a7 3 ¢ Y < yuito
die ALl elall Lédill biiall uld o5 S oyl ad Jolsal) ge o) edS) gilally laleed] silall (o
blall Joial vie | Jobwal) ils Ao o) gll b ) Aaisl) 54/ s dn 05 i/ ila] z g sl g Josall Sl
e G (Ve A IY) 5% (YE DN T) Cliaad) e o) sgll duds ) dasl] g ddlad) dlasl) 5 ) ga Ao adl
VF) Clall Gads wdd Jolsall o g sidl aila die ol gell Lk ) dliaddl g dlad] Ladd) 5 5] o da o Lol | ailedl
ileilly O (YT N 10) 5% (50 I

ol Yoluall o1 sell cailad 5 ) ) Sl Loles colund Lauo 463Me &/ 48] a7 i) Ligl 5 ill cuilall
lgisaiai a7 ill 5 Lae D) aalaall Buckingham-pi ) ki Ao da_sidal) 4oleal) cinaic/ adl | abliiall Sl
die da el dbleall b oladl dobuall ¢lols il sie S 5 ) ad) S Joles olunt dalel) dbleal]
e (%2) 5 (%) e L pad dasivdl Sl e 6 o) ad) Jaadly S 5 ) pad) Sl Jales ol
A 5 )l pal) ) Jolea ileea die da_yidal] L8Nl plosinls lesde Jpand] aF 1 geiliil) | pbiliall SIS  ilel)
e s _SYIMCQuiston 4k 4 senall Gl g ia (Gullad iy

1. Introduction

Heat exchanger is a device, which is applied to transfer thermal energy between fluids at
different temperatures, or is a device in which heat is transferred from a hot fluid to a cold
fluid. In its simplest form, the two fluids mix and leave at an intermediate temperature
determined from the conservation of energy, Kakac . In most applications, the fluids do not
mix but transfer heat through a separating wall which takes on a wide variety of geometries.
Also heat exchanger is classified according to flow arrangement. Therefore, heat exchangers
may have parallel, counter, or cross flow patterns for the process and service fluid flow
directions, Sinnott 2.

Fin-and-tube heat exchangers are widely used in several life fields such as heating,
ventilating, refrigeration and air conditioning systems. A fluid is considered to have made one
pass if it flows through a section of the heat exchanger through its full length. If the fluid is
reversed and flows through an equal or different section, it is considered to have made a
second pass of equal or different size. One of the major advantages of multi passing is to
increase the exchanger overall effectiveness over individual pass effectiveness. The multipass
arrangements are classified according to the type of construction, for example, extended
surface, or plate's exchanger. Finned surfaces are often employed where the heat transfer
coefficient readily attainable with one fluid stream is much higher than that readily attained
with the other, for example, in gas to liquid heat exchangers. The use of finned surfaces is
particularly advantageous when applied to tube banks in cross flow.

Many investigations have been conducted to predict the thermal and hydrodynamics
performance of the cross flow heat exchangers. Brown ! presented preliminary estimates for
the thermal design for heat exchangers. He established a procedure in a tabulated form for the
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design of heat exchangers with (3 to 6) rows bank of circular finned tubes. The design
procedure requires the availability of the overall heat transfer coefficient for the heat
exchanger prior to the commencing of the thermal design. Such values of the heat transfer
coefficient may be obtained from literature as he suggested. Ganapathy ] gave a procedure
for the thermal and hydrodynamics design of circular finned tube banks. Still the design is
based on an assumed overall heat transfer coefficient prior to the design strategy has
commenced.

Saddler ! investigated experimentally and theoretically the prediction of the thermal
and hydraulic performance of an air conditioning unit for residential application. He presented
a procedure for the prediction of all parameters tracing the performance of the individual
components and showed the effect of different parameters on the thermal design of evaporator
and condenser. Stewart et. al. ! studied a space cooling system with a focus on the finned
tube condenser design details. The finned tube heat exchanger, condenser was made of plate
fins on circular tube cross section. An optimization algorithm was implemented to find the
optimum design for 10 condenser design parameters using various constrains. The figure of
the merit was system efficiency.

More recently Tarrad and Shehhab [ have presented a procedure for the thermal and
hydrodynamics design of the plate finned tube heat exchanger. A change of phase was
considered in their study, they investigated the vaporization of refrigerant-22 in air cooled
cross flow heat exchanger as a part of air conditioning unit. The study considered both regions
on the refrigerant side, evaporation and superheating. In addition, the dehumidification of air
as it passes across the heat exchanger was taken into account.

In the present study, the experimental data for cooling of water in a cross flow plate fin
heat exchanger was obtained for two different types and sizes of radiators. A procedure is
presented for the design of cross flow plate fin heat exchangers having single and multi tube
passing. A correlation for the air side heat transfer coefficient is suggested and formulated by
using a dimensional analysis based on the Buckingham-pi theorem for the dimensionless
groups. The results of this investigation can be used for the prediction of heat exchanger size
employed in the heating season for air conditioning application in addition to the power plants
and oil industry fields.

2. Experimental Work and Results

The constructed test rig is shown schematically in Fig.(1). It consists of a test section
which is a model of a plate finned tube heat exchanger, water reheater, water pumping
system, control panel and measuring instrumentation. The rig is made of steel structure on
which the testing component is fixed.
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Figure (1) A schematic diagram of the experimental rig.

2-1 Heat Exchanger

There are two type of test section. The first type is made of single pass finned tube heat
exchanger, having dimensions of (40cm) overall length, which contains (34) copper tube of
(13mm) slot length and (3mm) slot width, and fins number are (52), with fin pitch (4 fin/in),
and fins thickness (0.5mm). The tubes are elliptical cross section distributed as a triangular
tube pattern. The clearance between two adjacent tubes is (3 mm), and the tubes pitch in the
transverse and longitudinal directions to the flow are (12 mm) and (16 mm) respectively. The
total frontal area of the heat exchanger is (40x40.5 cm?), with a width of (6.5 cm), Fig.(2.a).
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The second type is made of multi tube passes plate finned tube heat exchanger, having
dimensions of (400 mm) overall length, which contains (16) copper tube per pass. The inner
tube diameter is (7mm) and (9mm) outer diameter. Total fins number are (160), with fin pitch
(8 fin/in), and fin thickness of (0.2mm). The tubes are distributed in a triangular tube pattern.
The tubes pitch in the transverse and longitudinal directions to the air flow are (25mm) and
(30 mm) respectively. The heat exchanger total frontal area is (4029 cm?) with a width of
(4.5cm), Fig.(2.b).

The finned tube heat exchanger is designed for cross flow configuration, in which the
hot water flows in the tubes in perpendicular direction to the cold air stream flows on air side,
pressure gauge are connected to the inlet and outlet tube sides. The connections are insulated
with a glass wool insulation matte of (10mm) thickness, in order to reduce heat loss to the
minimum level.

2-2 Water Feeding Systems

The hot water is supplied by a constant head tank of (250 liters) capacity heating tank
through the test section and it returns back to the heating tank or reheater. The water in the
reheater is heated by four electrical heaters, which have a total heating electrical power of
(12 kW). The four heaters are fixed at the base of the reheater at (150mm) from the bottom.
The hot water intake connection is made at (7O0mm) from the bottom of the reheater. This
arrangement of heaters with the use of rated thermostat of an average range of (30-80C°) will
help in providing a good control over the water temperature during test. Hot water flow is
controlled by globe valves and the flow is measured by using a vertical variable area
rotameter. The hot water side circulation pipes are lagged by (10mm) glass wool insulation
matte in order to reduce the hot loss for the whole hot circulation system.

2-3 Air Circulation System

The air was supplied to the test heat exchanger through a centrifugal fan and ducting
system. A forced draught arrangement was selected for the test object. An air cooler with a
maximum capacity of (2500) cfm was installed close enough to the test section to avoid
leakage of air to the surrounding. The air supply unit has two different volumetric flow rate
levels controlled manually by using variable speed motor to provide (50%) of the maximum
value. It was installed on the top of a steel structure kept in horizontal position as shown in

Fig.(1).
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Figure (2) The cross flow heat exchanger specifications
used in the present work
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2-4 Measuring Instrumentation

2-4-1 Water Measurements
The parameters to be measured during tests for the water side are:
1. The inlet and outlet temperatures, (C°).
2. The inlet and outlet pressures, (C°).
3. The water volumetric flow rate, (I/hr).
A vertical variable area rotameter is used to measure the flow rate of the hot water with
the range of (200-1900) I/hr.

2-4-2 Air Measurements
The air side parameters to be measured during the tests are:
1. The entering and leaving dry-bulb temperatures, (C°).
2. The entering and leaving wet-bulb temperatures, (C°).
3. The volumetric flow rate, (cfm).

All of the temperature measurements were obtained by calibrated temperature gauges
against a standard mercury thermometer with a maximum deviation percentage of (0.1%). Air
flow rate was measured by the use of air flow meter in addition to the known value of the
volumetric flow from the setting of the air cooler.

The electrical board which supplies the electrical power to the whole system
components of the test rig consists of an electrical contactor of (4x16 Amp), which is
connected to the four heaters and the thermostat.

2-5 Test Procedure

After completing checking system, the test process beings by switching on the circuit
breaker that supplies power to the whole system. Then the electrical power will transfer to
heaters which will raise the temperature of water in the reheater as required to the desired
temperature fixed by setting the thermostat. This process takes (10-20) minutes depending
upon the required temperature from the thermostat and the temperature of water before
starting. After that, the hot water pump will start and open the gate valve that controls the
flow rate of hot water which flows on the tube side of the test heat exchanger. The thermostat
controls the electrical power supplied to the four heaters to cover the temperature dropping in
the system until reaching the desired temperature. This process normally takes (10-15)
minutes depending upon the required temperature and the flow rate. On the air side, switch on
the air centrifugal fan, at the same time of the hot water pumping and the flow is set according
to the required flow rate. These operations normally take about (20-35) minutes as an overall
time to reach the steady state condition.

Then air volumetric flow rate is fixed at (1250) cfm, at the required entering temperature
of the hot water set by the thermostat. On the water side (tube side), flow rate of water is
regulated and changed from (800) I/hr to (1800) I/hr for the large radiator and (200) I/hr to
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(400) I/hr for the small one. Water temperatures are continuously measured during flow rate
variation and also the pressures are measured at the inlet and the outlet of the exchanger at
known flow rate for the tube side. Any test reading taken for the above mentioned procedure
is repeated and recorded four times at a time interval of (5) minute step. The same data was
obtained at air flow rate of (2500) cfm.

Tests are repeated after changing setting of the thermostat by (5)C° step from
temperature setting level of (40 up to 65 C°). During each step of test, the flow rate of water is
regulated and temperature and pressure are taken. Analysis and comparison of readings results
are carried out at different conditions. Table (1) shows the characteristics of the experimental
work carried out during this investigation.

Table (1) The variables range of the experimental work

Heat Exchanger | Entering W'g\ter Entering A;ir Water Flow Air Flow
Size and Number Temp. (C) Temp. (C) Rate (I/hr) Rate (cfm)
Small No. (1) 40 ----- 65 22 ---mnem- 23 200 ----- 400 1250--- 2500
Large No. (2) 40 ----- 65 16 -------- 24 800 ----- 1800 1250--- 2500

2-6 Experimental Results

Table (2) shows a sample of the data obtained for the cooling process for the large
finned tube heat exchanger. These data was collected for water flow rate of (1800) I/hr at air
volumetric flow rates of (1250) cfm and (2500) cfm. The corresponding data for the small
finned tube bank are shown in Table (3) for water flow rate of (400) I/hr at the above air flow
rates at temperature range between (40) and (65) C°.

The most important factors outline the performance of the heat exchanger are the tube
bank heat duty, Q, the overall heat transfer coefficient, U,, and the effectiveness, . These
parameters were calculated from the data collected in this investigation.

Table (2.a) The experimental data of the large tube bank at air flow
rate of (1250) cfm and water flow rate of (1800) I/hr

Tvgi Puwi Tvy)o Pwo Tagi Ta\(/)vi Ta(oio Tav(\)/o
(C) | (bar) | (C) | (bar) | (C) (C) (C) ()
40 0.16 37.7 0.08 18 14 26 17
45 0.16 42 0.08 18 14 28 17
50 0.16 46.5 0.08 18 14 30 18
55 0.16 51 0.08 18 14 32 19
60 0.16 55.7 0.08 18 14 33 19
65 0.16 60 0.08 18 14 35 20
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Table (2.b) The experimental data of the large tube bank at air flow rate
of (2500) cfm and water flow rate of (1800) I/hr

Tvgi Puwi Tvy)o PWO Taodi Tay)vi Tago Tavslo
(C) | (bar) | (C) | (bar) | (C) (C) (C) (C)
40 0.2 36 0.11 22 13 29 16
45 0.2 40.4 0.11 22 13 30 16
50 0.2 44.3 0.11 22 13 32 17
55 0.2 48.7 0.11 22 13 33 17

Table (3.a) The experimental data of the small tube bank at air flow rate
of (1250) cfm and water flow rate of (400) I/hr

Tvgi Puwi TV\(I’O Pwo Tagji Ta\(/)vi Tago Tavgo
(C) (bar) (C) (bar) (C) (C) (C) (C)
40 0.16 30 0.12 22 18 33 22
45 0.16 32 0.12 22 18 35 23
50 0.16 36 0.12 22 18 36 24
55 0.16 38 0.12 22 18 38 24
60 0.16 42 0.12 22 18 39 25
65 0.16 46 0.12 22 18 40 26

Table (3.b) The experimental data of the small tube bank at air flow rate
of (2500) cfm and water flow rate of (400) I/hr

Tvgi Puwi TV\[I)O Pwo Tagji Ta\(/)vi Tago Tavgo
(C) (bar) () (bar) (C) (C) (C) (C)
40 0.16 33.5 0.1 23 20 27 22
45 0.16 36 0.1 23 20 28 23
50 0.16 38.5 0.1 23 20 29 24
55 0.16 42 0.1 23 20 29.5 24
60 0.16 46 0.1 23 20 30 25
65 0.16 48 0.1 23 20 31 26

2-6-1 Heat Duty

Figure (3) shows the variation of the cooling load of the heat exchanger with process
fluid water flow rate; at different air volumetric flow passing through the tube bank of the
large radiator no. (2). It is obvious that the general trend of the results shows that increasing
the water flow rate passing through the heat exchanger produces an increase for the heat duty
at specified entering water temperature. This is mainly due to high improvement in the tube
side heat transfer coefficient, h;, and its reflected effect on the heat exchanger performance.
The measured cooling load of the heat exchanger is ranged from (4) to (10) kW when the
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circulation water flow rate was ranged from (800) to (1800) I/hr at air flow rate of (1250) cfm.
The corresponding values of heat duty and water flow rates for the small radiator no. (1) were
ranged from (1.8) to (11) kW and (200) to (400) I/hr respectively. Table (4) shows the
characteristics of the experimental data and its operating conditions of the present work.

Further, increasing the air side flow rate causes an improvement in the heat duty of the
tube bank due to the improvement of the air side heat transfer coefficient, h,. This of course is
a result of improving the flow criteria through the finned surface and increasing the
turbulence between the plate fins which is reflected in heat exchanger performance
improvement.

[ Air fow rate = 1250 cfim Air flow rate = 2500 cfm

L ] Water Mow rate = 800 livh [ ] Water flow rate = 800 lit/h

A Water flow rate = 1400 livh A Water flow rate = 1400 litth
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Figure (3) The variation of the heat exchanger load
with water inlet temperature

Table (4) The variables range of the experimental data of the present work

Heat Exchanger | Inlet Water Inlet Air Exit Air Air Flow Qcooling
Size and Number | Temp. (C) | Temp.(C) | Temp. (C) (cfm) (kW)

40 65 | 2223 25 —enm 40 1250 15--9

Small No. (1) 40 <65 | 2223 24 31 2500 15--8
40 65 | 16---—-18 23 --- 35 1250 211

Large No. (2) 4055 | 2224 | 27-—-34 2500 413

2-6-2 Overall Heat Transfer Coefficient
The variation of the overall heat transfer coefficient, U,, of the finned tube banks with

water flow rate entering the heat exchanger considered in this work is shown in Fig.(4). It is
clear that the trend of these curves shows an increase in the overall heat transfer coefficient
with the increase of the flow rate of the circulated water, air volumetric flow rate, exposed
area of heat exchanged and the temperature of both fluids at the entering section. In the large
tube bank, radiator no. (2), the values of (U,) are ranged from (34) to (41) W/m? K for the
whole range of the water inlet temperature and flow rates tested for the heat exchanger at air
flow rate of (1250) cfm. The corresponding values for air flow rate of (2500) cfm were ranged
from (40) to (50) W/m? K for the whole range of water side conditions. This is clearly due to
the increasing values of the heat transfer coefficient on the air side. This was a result of the
turbulence introduced by increasing the air velocity between fins.
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The same argument may be inferred from the small tube bank, radiator no. (1), as shown
in Fig.(4) but with different magnitudes. The range of (U,) was quite narrow for this radiator
due to the small range of water tested, it was between (200) and (400) I/hr due to the heat
exchanger size limitation. However, Fig.(4) shows that the range of (U,) for air flow of
(1250) cfm was between (42) and (44) W/m? K and in the range of (50) to (53) W/m? K for
the air flow of (2500) cfm. For this radiator, it can be concluded that the overall heat transfer
coefficient for a specified air flow rate is almost constant in spite of the water flow rate is
increased for the whole range of entering temperature.
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Figure (4) The variation of the heat exchanger overall heat transfer coefficient
with water flow rate at various entering temperature
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2-6-3 Heat Exchanger Effectiveness
The effectiveness is the ratio of the actual amount of heat transferred to the maximum
possible amount of heat transferred during the operation of the heat exchanger.

= Q?:ﬁ ............................................................................ (1.a)
In which

Qut = Q=MnCP, AT, =M CPAT, trrrinininiiieieieieieieiirtrrreeenenee (1.b)
and

O o (O T T P (1.c)

The heat capacity, c, the extensive equivalent of the specific heat, determines the
amount of heat a substance absorbed or rejected per unit temperature change.

For a cross-flow heat exchanger with both fluids unmixed, the effectiveness can be
related to the number of transfer unit (NTU) with the following equation.

g=1- eprCi](NTu ) [exp(— c,(NTU)*" - 1)]} .............................. (Le)

r

Where the heat capacity ratio (c,) is presented in equation:

The (NTU) is a function of the overall heat transfer coefficient in the form:

U xA
NTU = =2 D ttteteeenntetteettnnnnsatttessnnnnaanteessnnnnnsastccsnnsnnnsnenannns (1.9)

min

The calculated effectiveness, €, by equations (1.a) to (1.d) and its variation with the
(NTU), eq.(1.9), for different values of, c,, of the finned tube cross flow heat exchanger are
presented in Fig.(5) for both radiator geometries. The data shows that increasing the (NTU)
number for a specified (c;) causes an increase in the (€) values of the heat exchanger. For any
value of (NTU), a reduction in the (c;) value reveals an increase in the heat exchanger
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effectiveness (¢). When (c;) was reduced from (1.0) to (0.4) at (NTU) value of (3), produced
an increase in the heat exchanger effectiveness (¢) from (33 to 41%) for the large tube bank,
Fig.(5.a). The corresponding values of the small tube bank were (37%) and (43%)
respectively, Fig.(5.b). The percentage of increase in the (g) for the large and small tube
banks considered in the present work were (20%) and (14%) respectively, calculated by:

€10

Ae% = Z0s " 410 100
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50.0 —
. _ Cmin/Cmax =0.8
40.0 —| Cm!n / Cmax = 0.4 400 — Cmin / Cmax = 1.0
Cmin/Cmax = 0.6
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7 Cmin/Cmax = 1.0
L |
< 300 - 30.0
=
£
w200 — 200 —|
100 — 100 —
0.0
00 \ \ \ \
0.0 1.0 2.0 3.0 4.0
0.0 10 20 3.0 4.0 :
NTU - Number of transfer units NTU - Number of transfer units
a) Large tube bank-single tube pass b) Small tube bank-multi tube passes

Figure (5) The experimental heat exchanger effectiveness
at different values of (c,)

3. Theoretical Analysis

This section deals with an overview and current development in the calculation for a
single and multipass finned tube heat exchanger. The heating and cooling loads of a heat
exchanger under operation conditions can be calculated from the knowledge of the flow rate
and the temperature difference for each of heating and cooling side respectively from the
equations:

The first step in the thermal and hydraulic design of the heat exchanger is to calculate
the overall heat transfer coefficient (U,) which will be based on the air- side area. The overall
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heat transfer coefficient, (U,) takes into consideration total thermal resistance to heat transfer
between two fluids and neglecting the conduction and air side fouling resistances is presented

by:

1_1., 1 1
- A A. .................................................
Uo Bt “n M) i p)

The last term of the above expression represents the effect of the fouling resistance of
the liquid stream passing through the heat exchanger coil. Its magnitude may be obtained
experimentally or from tabulated data in the literature for the specified process fluid. In this
work a value of (3000) W/m? K for the fouling effect, h;, on the water side was used,
Sinnott .

3-1 Water Side
The recommended correlation presented by Sieder and Tate © for predicting the heat
transfer coefficient in laminar flow in tubes may be used:

1/3 0.14
DO g Re, Pr2o| [ | e (4)
K, L My

Where the Reynolds number based on the tube inside diameter is:

u, D
Re :pW w 1
Hy

And the Prandtl number is expressed as:

op  Hu CPu
K

The above equation is applied for Reynolds number below 2100 where the flow is
considered to be laminar. For Reynolds number higher than this value, the flow regime will
be in the turbulent region and the Dittus-Boelter ™ is used in the form:

%  0.0243RE, % PI™ 1o ree s ee e s es e s s s es e s s s ses e (5)

In which the Prandtl number index (n) is equal to (0.4) for heating and (0.3) for cooling
process.

These correlations are intended to be for the circular tube section. For noncircular tube
sections, it is suggested in the present work to use an equivalent diameter deduced from the
assumption of the same fluid velocity and flow rate for both tube section shapes. That is the

102



Journal of Engineering and Development, Vol. 12, No. 3, September (2008)  ISSN 1813-7822

cross sectional area of the circular tube required to produce the same velocity and flow rate of
fluid passing through the noncircular tube side.

3-2 Air Side

The work of McQuiston ™ was used with some modification to evaluate the air side
convective heat transfer coefficient for a plate fin heat exchanger with multiple rows of
staggered tubes. Figure (6) shows a schematic diagram for the plate fin heat exchanger
considered in this investigation.

| =

‘: @ S mm
— | @F

N

|

L

[ S X\\ Flow Direction
1 tube per circuit |

-

| B
_Gj_ CC—/I < out

Figure (6) Schematic diagram for multi tube Pass plate finned tube bank

The Reynolds number based on the row spacing in the direction of air stream (Re ), is
defined by:

(Re ), = X e oo e e s s s (6.2)

Ha

where, the mass velocity through minimum flow area (Gmax) is presented in:

For cases in this study, the minimum flow area is:

Anin =Wx(L-fpoxt) x (H- (1, XNy XD,)) cevnrenniiiiiiiiiniiiiiiinininne, (6.c)
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Substituting the appropriate values for the Stanton number gives this relationship for the
convective heat transfer coefficient

i =% e eeetetetatateaeratesee s e esemeeee oo (7.2)
Here, in this work it is suggested to employ the air specific heat with modification to
include the humidity handled by the air stream as it passes through the heat exchanger.
Therefore, the humid heat of the air, cpnum,, Will be used instead of the dry air specific heat in
eq.(6.a) with a value of (1.02) kJ/kg.K.
The heat transfer coefficient of air is based on the Colburn j-factor which is defined as:

T2 SEX (PI)™ veveeeeeeeeeeeeeesseeemmmssssssssssesssssssnsssssessssessesssnsnssssessensenennennennennes (7.0)

The heat transfer coefficient for heat exchangers with four or less rows can be found
using the following correlation:

o 1-(1280)(n)(Re),
i 1-(1280)(4)Re, ),

McQuiston found that the j-factor for a four row finned-tube heat exchanger fits a linear
model based on the parameter (JP).

Js =0.2675X IP +1.325X10™° 1ivuuiereerneernnernneerneeenneesneessneenneesnneennes (7.d)

and,

A -0.15
JP=RE, T X| 2 [ et e e e e e 7.e
of2) 0o

Here (A:) represents the area of the bare tubes without fins and (A,) is the total air side
heat transfer area, fins and tubes. The Reynolds number is based on the outside tube diameter
and the maximum mass velocity, at minimum flow area of the tube bank.

To find out the overall surface efficiency for finned tube heat exchanger, it is necessary
to determine the efficiency of the fins alone. The total air side surface efficiency is given by:
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In this formula, (As) represents the total fin surface area. The fin efficiency (775 ) for a

circular fin is a function of (m, re and ¢").

_ tanh (mxr, x¢")
- (mxrx¢)

f

Schmidt ™Y analyzed hexangular and rectangular plate fin tube array and determined
that they could be treated like circular fins by replacing the outer dimension of the fin with an
equivalent radius, Fig.(7). His method is based on the selection of a circular fin with a radius
(re) that has the same fin efficiency as the hexagonal or rectangular fin depending on the tube
array arrangement. The empirical relation for the equivalent radius of a hexagonal fin,
Fig.(7.a), is given by:

r—re= L27XYR(Bo0.3)M2 1erreeeeeereeererereeeeeesesesesesasesessesseseseseseesaens (8.c)

The coefficients () and (£ ) are defined as:

M X
\|!=T= szr .......................................................................... (8d)
L 1 2 X
B = M = X_ XL + I IR (8@)
T

The equivalent radius of a rectangular fin, Fig.(7.b), is presented as:
r—re= 128X WX (B=0.2)"2 1rreereeeeerereeeeseseseseesesesessesssesesesssessesasesens @.f)

The coefficients () and (£ ) are defined as:

Y= T AL (8.9)
L X

B=M:—" ............................................................................. (8.h)
.

Once the equivalent radius has been determined, the equations for standard circular fins
can be used. For the fins in this study, the length of the fin is much greater than the thickness,
so a parameter (m) can be expressed as:
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2 h 1/2

X .
m= s N 8.1
(ksxt) ®1)

For circular tubes, a parameter (¢") is defined as:

¢ = [%—1]{“ 0.35x In(r?ﬂ ....................................................... 8.j)

Horizontal Tube
Spacing

M
Air Flow —

Vertical Tube
Spacing

a) Hexangular tube array

Horizontal Tube
Spacing

Vertical Tube
Spacing

Air Flow — o

b) Rectangular tube array

Figure (7) Continuous plate fin tube, Schmidt "
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4. Air Side Heat Transfer Correlation

4-1 Available Correlations

Most of the available empirical correlations for the prediction of the air side heat
transfer coefficient in finned tube bank are based on fitting the data to a postulated expression
depends on dimensionless groups. Heat transfer from banks of tubes is a function of multiple
factors, including fin geometry, bank geometry, number of rows, physical properties, and the
velocity of the heat carrier.

For radial high finned tubes in cross flow of an in-line tube arrangement a correlation
was performed by Schmidt % in the form:

NU = 0.3Re™ P a0 Pro33 | iiiiiiiieeeeeerririieeeeeeerrtnneeeeeerersnnnnen (9)
where, o =A./A¢

Equation (9) is valid for the following condition: 5 < a < 12 and 5x10° < Re < 10°

For the staggered tube arrangement the average Nusselt number for finned tubes in a
bank in cross flow of a gas can be calculated by:

02( ¢ 0.18 | -0.14
Nu=0.19(%) (D—pJ [D—J RES PIO L ieeeeeeeeeeeeereeeeeeeeee (10)

where, a=X1/ D, and b=X_/ (2D,)
Equation (10) is valid in the Reynolds number range 10° < Re < 2 x10*

The Reynolds number of the air flowing across the tube bank in equations (9 & 10) is
based on the maximum air velocity which occurs at the minimum free cross section of the
finned tube bank.

At high Reynolds numbers the flow is connected with high pressure gaseous flows,
which are used to increase thermal efficiency of banks. Results of Stasiulevicius ®* for inner
rows of staggered banks of finned tubes with helical drafted fins (the angle of attack is less
than 4°) yielded the following general equations:

0.2 f 0.18 | -0.14
Nu=0.05(%] [D—p] (D—] RECEPIO% oo e (12)

In the Reynolds number range 2 x 10* < Re < 2 x10°

02( ¢ 0.18 | -0.14
Nu=0.008(%) (D—p] [D—] REPE PIO% . eeeeeeeeereeeeeeeeesesonn (12)
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In the Reynolds number range 2 x 10° < Re < 2 x10°

These equations are applicable for
2.17<a<4.13,and 1.27 <b <2.14,0.125 < (X7/ D) <0.28,and 0.125 < (1 / D,) < 0.59

4-2 Present Correlation

4-2-1 Formulation of the Correlation

In the present work, it is suggested to develop an empirical correlation for the air side
heat transfer coefficient. This formula is based on the employment of a dimensional analysis
with Buckingham-pi theorem. As it is shown above, it is quite clear that the Nusselt number
for finned tube bank heat exchanger can be expressed in the following form:

NU =C, RE PIT ittt eettieeeeeteeeertreeeesanneeeeranneessasnnseensnnes (13)

Here, the indices, (i) and (j), and the coefficient, (Cs), are constants to be determined
from experimental data for a specified finned tube and bank geometry. The coefficient, (Cy), is
a function of the finned tube geometry and bank arrangement in the form:

Cp = Cr (X XU T0,1,D,) wenveenreeneeeneessresseesseeseesesseesseesseesseenseensenn (14)

Therefore, combining eq.(13) and eq.(14) yields the following expression for the
Nusselt number of air stream passing through the tube bank:

Nu = NUu(X;, X, TP, 1,D,,REPI) ceeeiiiiiiiiiiiiiiiiiiiiiiiiniierrenecnnaees (15)

The dimensional analysis formulated for this object generated the following
dimensionless groups arranged as:

TL = NU cevevereteteteeeeeesesevetetees s eseseseseaeas s seseseseasasesesesesesesensann (16.2)
Ty = (Xp/XL) terrerevererereseseeesesesesesesssssesesesesessassesesesesessasasases (16.b)
Ty = (F0/D,) veverererereerreeesesesesesssesesesesesessasseseseseseseasasasesesesen (16.c)
n,=(/D,) .. (16.d)
Tl = RE tveveueeeretesesesessastesesesesets st s esebeseas s st ebebetean st et esesenn (16.¢)
Mg = P eroteteeeeeeeeresete e e et et e sttt ae s st es et aeae st et et seteaeasassenes (16.9)
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This presentation for the suggested correlation can be expressed as:

NU = ¢[(Xy /X, ), (F0/ D), (1/D,),RE,PHT veveeveerererereveevessessennene (17.a)

This expression can be presented in the following form by using the constant of
proportionality as:

m n k
Nu =c[ﬁ] (f—pJ (LJ R PI eeeeeteiereeeeeeereneeesesasnseesasnsasnns (17.b)
><L DO DO

The constant of proportionality, (C), and the indices of the dimensionless groups, (i), (j),
(m), (n), and (k), should be obtained from experimental data available of the present work for
the cross flow finned tube banks.

The above formula is intended to be for a circular tube arrays. However, it may be used
for other tube shapes if the cross sectional area was replaced by a circular one having the
same mass flow rate and velocity. Hence an equivalent diameter can be induced to be used for
the Nusselt number prediction of eq.(17.b).

4-2-2 Determination of the Constants

The indices of the Reynolds and Prandtl numbers have been inferred from the available
correlations for the circular and the work of McQuiston for the plate fins outlined above. The
power of the Reynolds number, (i), in eq.(17.b) has the range from (0.6 to 0.9) for most of the
available correlations. Rearranging eq.(7) which is postulated by ™ to give the following
form:

N T T ol o (18)

In which (a;) is a constant depends on the finned tube and bank geometry. It is obvious
that the Nusselt number is proportional to Reynolds number with its power of (0.6) for the
plate fin. Therefore, the value of (0.6) for the index (i) will be selected for the present work.
The Prandtl number index (j) is ranged from (0.33 to 0.36) as indicated by equations (9, 10,
11, 12 and 18) for the previous correlations. A value of (0.33) may be chosen for the Prandtl
number index.

The rest of the constants, (C), (m), (n), (k), presented in eq.(17) are determined from
experimental data. Therefore, the suggested correlation for the prediction of the heat transfer
coefficient of air passing through a plate finned tube bank of the large heat exchanger having
elliptical cross sectional shape can be expressed as:

X 0.14 f 0.1 | —0.303
Nu=0065x| 2| [Z2] [2=| R Pro® .oooveeeeeeeeeeereereannn, (19.a)
x, ) \p,) D

0o o
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For the following application conditions:
X7/X, = 0.75, and 3.7x10* < Re < 5.4x10"

and,

X 0.11 f 0.13 I -0.16
Nu = O.O34x(X—T] [D—pJ [D—] RE“PIO® o ieieeeeeeeereeeenns (19.b)
L o] (0]

For the small multi tube passes heat exchanger having circular tube section at the
following conditions:
X1/X.= 0.8, and 15.8x10" < Re < 22.6x10*

The Reynolds number in this correlation is based on the maximum mass velocity where
a minimum flow area is considered as shown in eq.(6). The heat transfer coefficient is
estimated from the Nusselt number of the above correlations in the from:

The above forms of the correlation predicted the experimental data of the overall heat
transfer coefficient of the tube banks considered in the present work within (2%) of deviation
calculated by:

u_ .
OPEMMENEL 100 1uvreererrreersrnreesssrseeesssseessssseessnnns (20)

predicted

AUO%= Upredicted_
U

4-3 Comparison between Experimental Data and Theoretical Prediction

The verification of the present correlation is accomplished by introducing the predicted
air side heat transfer coefficient from eq.(19) into eq.(3) for the prediction of the overall heat
transfer coefficient of the heat exchanger. A comparison was made with the experimental data
deduced for the present work. In addition the test data were compared with those predicted
from McQuiston ' formulation presented in eq.(7) in order to obtain a consistent verification
of the present correlation with that of McQuiston formula.

Figure (8) shows a comparison between the present correlation, eq.(19.a) and eq.(19.c),
McQuiston correlation, eq.(7) and the experimental data of the overall heat transfer
coefficient for the single pass large tube bank. The comparison of the small tube bank radiator
is shown in Fig.(9). It is clear that the variation of the predicted overall heat transfer
coefficient has the same trend as that of the experimental data for the whole range of the
tested water flow rates and temperature. The predicted values of (U,) when applying the
present correlation for the air side heat transfer coefficient are closer to the experimental data
than those of the McQuiston correlation for both tube banks. A comparison between the
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predicted (Uo)predicted @and experimental data (Uo)experimentat OF this investigation for both tube
banks is shown in Fig.(10). These results showed a maximum deviation of (2%) for both tube
banks as calculated from eq.(20) for the whole range of operation conditions of tests.

The results of the present correlation for the air side heat transfer coefficient and its role
on the predicted heat exchanger duty is evident. The discrepancy between the predicted heat
duty of the tube banks (Q)predgicted and the experimental data (Q)experimentar fOr the whole range
of the water flow rates, temperature and air volumetric flow rates lies in the range of less than
(4%) as shown in Fig.(11).
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5. Conclusions

The air cooled cross flow heat exchangers tested in the present work revealed that:

1. The overall heat transfer coefficient of the plate finned tube bank is controlled by the air
side heat transfer coefficient. The latter was ranged between (34) and (50) W/m? K for the
whole range of variables used in the tests for the large tube bank. The corresponding values
of the small heat exchanger were (42) and (53) W/m? K.

2. The present suggested simplified correlation for the air side heat transfer coefficient
predicted the experimental data of the overall heat transfer coefficient within acceptable
accuracy. Further it is agreed well with that of McQuiston % method from the trend point
of view but with different values. The present correlation prediction was closer than that of
McQuiston correlation to the whole range of the experimental data.

3. The concept of the dimensional analysis applied in this investigation based on the
Buckingham-pi theorem introduced a new perspective design correlation for the air side in
the air cooled heat exchanger performance prediction.

4. For further work, it is suggested to examine the present correlation of the air side heat
transfer coefficient, eq.(19), with other air side Reynolds number and tube layout geometry
ratio (X1/X\). This is to extend the range of application of the above correlation.
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Nomenclature

A: Area, (m?)

c: Heat capacity, (kW/C°)

C: Constant in eq.(17.b)

Ct. Coefficient defined by eq.(14)

cp: Specific heat, (kJ/kg. C°)

D: Tube diameter, (m)

fp: Fin pitch, (m)

G: Mass velocity, (kg/m? s)

h: Heat transfer coefficient, (W/m? K)

H: Heat exchanger height, (m)

hi: Fouling resistance, (W/m? K)

i Constant in eq.(17.b)

j: Colburn j-factor defined by eq.(7.b), or constant in eq.(17.b)
k: Thermal conductivity, (W/m K), or constant in eq.(17.b)

I: Height of circular fin or plate fin length in the flow direction, (m)
L: Tube length, (m)

m: Constant in eq.(17.b) , or parameter defined by eq.(8.i)
m': Mass flow rate, (kg/s)
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n: Number of tube rows or constant in eq. (17.b)

Ncirc: Number of tube circuits in heat exchanger

NTU: Number of transfer units defined by eq. (1.9)

P: Pressure, (bar)

Q: Heat transfer rate, (kW)

r: Radius of circular fin, (m)

t: Fin thickness, (m)

T: Temperature, (C°)

AT: Temperature difference, (deg C)

u: Fluid velocity, (m/s)

U: Overall heat transfer coefficient, (W/m? K)

W: Heat exchanger width, (m)

X.: Longitudinal tube spacing in the flow direction, (m)
Xt: Transverse tube spacing perpendicular to the flow direction, (m)

Subscript

a: Air

ad: Air dry bulb

aw: Air wet bulb

c: Cold side

D: Value calculated at outside diameter
e: Equivalent value

f: Fin value or defined elsewhere

h: Hot side

i Inlet or inside value

min: Minimum

max: Maximum

o: Outside, outlet or defined elsewhere
r: Ratio value

s: Surface value or measured at surface condition
t: Total or bare tube value

w: Water side
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Greek Symbols

a: Parameter defined in eq.(9)

B: Parameter defined by eq.(8.e) and eq. (8.h)
n: Efficiency

Y: Parameter defined by eq.(8.d) and eq.(8.9)
¢': Parameter defined by eq.(8.))

€. Heat exchanger effectiveness
M: Fluid viscosity, (Pa.s)

p: Fluid density, (kg/m?)

Tp: Number of tubes per circuit
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