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ABSTRACT

This paper presents a new calculation method for fin-and-tube heat exchangers operating with
nonuniform airflow. The calculation method consists of discretizing the heat exchanger tubes into tube
elements and applying mass and energy conservation equations. The calculation method is capable of
predicting local and overall values of thermal effectiveness, heat transfer rates and fluid outlet
temperatures in fin-and-tube heat exchangers subject to airflow nonuniformity. The results of the tube
element method are compared against experimental data, and good accordance has been achieved
between predicted and measured values. Experimental data is collected for fin-and-tube heat
exchangers placed inside an open wind tunnel, where airflow nonuniformity is generated by partially
obstructing the entrance cross section. This study revealed that airflow nonuniformity causes
effectiveness deterioration in fin-and-tube heat exchangers. The exact value of effectiveness
deterioration depends on the heat exchanger dimensionless groups — the number of heat transfer units
(NTU) and the heat capacity rate ratio (C*) — as well as on the intensity and orientation of the airflow
nonuniformity. The design of the tube-side fluid circuitry, which affects the heat exchanger flow
arrangement, also plays a role in the effectiveness deterioration. The tube element method revealed that
the effectiveness deterioration increases with the intensity of airflow nonuniformity. For an observed
nonuniform airflow profile, the effectiveness deterioration is maximum in heat exchangers with a
balanced heat capacity rate ratio (C* = 1) and minimum in evaporators and condensers (C* = 0).
Keywords:  fin-and-tube heat exchanger, airflow nonuniformity, effectiveness deterioration,
calculation method.

1 INTRODUCTION

Fin-and-tube heat exchangers find extensive application in the building sector, in the
transport, process and power industries. The inlet airflow distribution strongly affects
the performance of fin-and-tube heat exchangers. Nonuniform airflow distribution or
airflow nonuniformity causes loss of thermal performance in heat exchangers. Airflow
nonuniformity may be induced by poor design of the inlet header, adverse operating
conditions, vicinity of the blower, fouling or geometrical irregularities on the heat
exchanger surfaces, as stressed by Kitto and Robertson [1], Mueller and Chiou [2], and Shah
and Sekuli¢ [3]. Generally, sizing and calculation methods for fin-and-tube heat exchanger
assume uniform airflow over the entire heat exchanger surface.

Airflow nonuniformity negatively affects the thermal and hydraulic performance of
fin-and-tube heat exchangers, see Singh et al. [4]. The loss of thermal performance is
represented by a reduction of the heat flow rate and thermal effectiveness of the heat
exchanger. Based on a review of the literature, the general conclusion is that the thermal
performance deterioration depends on the number of heat transfer units (NTU), the heat
capacity rate ratio (C*), the tube-side fluid circuitry, the intensity and orientation of the
airflow nonuniformity. Furthermore, it was seen that the thermal performance deterioration
is higher in heat exchangers with balanced heat capacity rates (C* = 1) than in evaporators
and condensers (C* = 0), as referred by Ranganayakulu and Seetharamu [5].
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Experimental, analytical and numerical methods have been extensively used to investigate
the effect of nonuniform airflow on the performance of fin-and-tube heat exchangers, see
Domanski and Yashar [6], Mao et al. [7] and Ranganayakulu and Seetharamu [8]. Generally,
nonuniform airflow causes effectiveness deterioration in the range between between 5 and
15%, as stated by Bahman and Groll [9] and Hajabdollahi and Seifoori [10]. The
effectiveness deterioration can be even higher, up to 30%, if nonuniform airflow causes
refrigerant maldistribution on the tube side, as concluded by Yashar et al. [11]. Generally,
the abovementioned research are limited to simple one-dimensional nonuniform airflow
profiles or provide data for specific heat exchangers.

This paper presents a new method for the calculation of the thermal performance of
fin-and-tube heat exchangers operating in nonuniform airflow, which can be also used for
two-dimensional nonuniform airflow profiles. Section 2 shows the analysed heat exchanger,
describes the experimental and analytical approaches while Section 3 presents the validation
and the results obtained with the presented analytical method.

2 METHODOLOGY
2.1 The fin-and-tube heat exchanger

The analysed fin-and-tube heat exchanger is a three-row heat exchanger with a total 38 tubes,
distributed into seven flow circuits (HEX:3R-7C). The seven flow circuits have different
number of passes: five flow circuits have a six-pass arrangement and two flow circuits have
a four-pass arrangement, as shown in Fig. 1. It can be observed that the fin-and-tube heat
exchanger exhibits a Z-shaped flow circuitry on the tube side causing water to flow
back-and-forth between the first and third tube row.
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Figure 1: Geometry and tube-side flow circuitry of the HEX:3R-7C heat exchanger.
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2.2 Experimental method

The experimental setup consists of an open wind tunnel, the heat exchanger test section
equipped with temperature and air velocity measurement sensors and a data acquisition
system. The experimental setup is shown in Fig. 2.

Figure 2: The open wind tunnel. 1: Blower; 2: Air ducts; 3: Flow straightener;
4: Heat exchanger test section; 5: Orifice; 6: Water mass flow meter;
7: Water pump; 8: Heat source; 9: Data acquisition.

The fin-and-tube heat exchanger is placed inside the test section. The air mass flow rate
was determined from the pressure drop generated through a calibrated orifice. The water
mass flow rate flowing through the heat exchanger pipes was measured using an ultrasound
mass flow meter. K-type thermocouples were placed across the heat exchanger inlet and
outlet cross section in order to measure the inlet and outlet air temperatures. Inlet and outlet
water temperatures were measured using Pt100 temperature sensors.

The placement of the temperature sensors is shown in Fig. 3(a) and (b). Uniform airflow
was obtained by leaving the inlet cross section unobstructed, Fig. 3(c), while nonuniform
airflow was generated by placing screen and partially obstructing the inlet cross section, as
shown in Fig. 3(d)—(f). The water mass flow rate was in the range between 800 and 3200
kg/h, while the air mass flow rate was 1650 kg/h. The air inlet temperature was 15°C while
the water inlet temperature was 60°C. The combined uncertainty of all measurements was
estimated to be within £3.0% at 95% confidence level. The average exchanger heat transfer
rate (Om) in the fin-and-tube heat exchanger is calculated from the arithmetic mean of the
heat transfer rates measured on the air side (Q,) and on the water side (Ow):
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5 Qa +Qw
Qm_ 2 . (1)

The heat exchanger effectiveness (&) is the ratio of the actual heat transfer rate (On) to the
maximum theoretical heat transfer rate (Omax):

- Qm — Qa + Qw
Qmax 2 ma Ca (Tw,in - Ta,in )
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Figure 3: The fin-and-tube heat exchanger setup. (a) Temperature sensors at the air
inlet cross section; (b) Temperature sensors at the air outlet cross section;
(¢) Unobstructed inlet — uniform airflow; (d)—(f) Obstructed inlet with
screens — nonuniform airflows, profiles A1, A2 and A3, respectively.

The air and water mass flow rates are i, and mzy, while the air and water inlet temperatures
are Ta,in and Ty in, respectively. The air and water specific heat capacities are ¢, and cy. Heat
exchangers operating under nonuniform airflow are subject to a loss of thermal performance
that can be expressed as effectiveness deterioration. The effectiveness deterioration (A¢) is
the relative difference between the heat exchanger effectiveness operating in uniform airflow
(euniform) and the heat exchanger effectiveness operating in nonuniform airflow (&nonuniform):
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Ag = Euniform ~

&,

€nonuniform .100% . (3)

uniform

2.3 Analytical method

The most widely used thermal design method for fin-and-tube heat exchangers is the
effectiveness-number of transfer units method (e-NTU method). In this method, the heat
exchanger is defined by three independent dimensionless groups: (1) the thermal
effectiveness (¢); (2) the number of transfer units (N7U); and (3) the heat capacity rate ratio
(C*). Thus, the heat exchanger effectiveness depends on the dimensionless groups N7U and
C* but also on the fluid flow arrangement:

&= f(NTU = lé.A , C* :ﬁ, fluid flow arrangement] . 4)

Mathematical expressions for the heat exchanger effectiveness are available for simple
fluid flow arrangements, such as the counterflow, the parallelflow and the crossflow:

1—exp[~-NTU(1-C¥)]

=1 ol NTU—C’ for 0<C*<1
counterflow: - Crexpl- (=) ) (%)
gzﬂ, for C*=1
1+ NTU
1- ~NTU(1+C*
parallelflow: &= SXp[=NTU(+C )], (6

1+C*

O

NTU? [ exp(~-NTU 78C*) - 1]}
C* '

crossflow: e=1- exp{

It should be noted that the effectiveness of the crossflow heat exchanger is expressed by
the Eckert approximation (eqn (7)), which deviates from the exact Nusselt solution by £3%.
For single-pass crossflow fin-and-tube heat exchangers with less than 4 tube rows the Eckert
formula overestimates the heat exchanger effectiveness. For a single-pass three tube row heat
exchanger with Cpin on the air-side [12] the following expression applies:

single-pass three } £={1-exp(-3KC*)[1+C*K*(3-K)+3C* K*/2 ]} /C* ®

tube row crossflow K =l-exp(-NTU/3)

The analysis becomes increasingly difficult for complex fluid flow arrangement and
analytical solutions are available for a limited number of arrangements, as provided by Bacli¢
and Gvozdenac [13], but often include infinite series and complex mathematical functions.
Boundary conditions, specifically the mass flow rates and inlet temperatures of the two fluids,
are necessary to achieve closure in e-N7U equations.

The heat capacity rate ratio (C*) is easily determined from the mass flow rates and
specific heat capacities of the two fluids, but calculation of the number of transfer units
(NTU = UA/Cmin) is more complex since it includes the overall thermal conductance (UA),
which is the product of the overall heat transfer coefficient (U) and the total heat
transfer area (4):
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UA:[ 1L Indy/d) 1 ©

(mhd),  27(kLN),  (hA),,

The water heat transfer coefficient (/) is calculated using the correlation of Gnielinski
[14], and the air-side heat transfer coefficient (%,) is determined from the Wang et al. [15]
correlation for the Colburn j factor. The surface efficiency on the air-side (77,) is determined
from the Schmidt approximation method [16].

A fin-and-tube heat exchanger with complex fluid flow arrangement and nonuniform fluid
temperatures and velocities at the inlet can be analysed by the tube element method (TEM).
In the tube element method, the fin-and-tube heat exchanger is discretized into tube elements,
on which mass and energy conservation equations can be applied. At the entrance of each
tube element, the fluid flow velocities and temperatures are assumed uniform. By performing
a fine discretization it can be assumed that the heat capacity rate of the tube-side is much
bigger than the heat capacity rate of the air-side (Cmin,el / Cmax,el = 0). This is a fair assumption,
especially when the tube side fluid is water or a refrigerant. In that case, the thermal
effectiveness of the element can be determined as the thermal effectiveness of an ideal
evaporator or condenser.

Another assumption is that the tube-side fluid temperature changes linearly along the tube
element. In that case the average temperature of the tube-side fluid is the arithmetic mean of
the inlet and outlet temperatures at the tube element. Fig. 4 shows the idea behind the tube
element method. For the observed tube element, the air mass flow rate is denoted with 7 ¢,
the inlet and outlet air temperature with T} el in and Taelout. On the tube side, the water mass
flow rate is denoted with 1y 1, the inlet and outlet water temperatures with Ty elin and T el out.
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Figure 4: The fin-and-tube heat exchanger and its discretization into tube elements.

The heat balance equation for an observed tube element is written as:

ma,el ca (T;,el,out - Tz;,el,in ) = mw,e] cw (Tw,e],in _Tw,el,out ) . (10)
The air and water mass flow rates at the tube element are 7,.¢] and 7y c1. The air and water
inlet and outlet temperatures are Taelin, Taclout, Lwelin, Lwelout, respectively. The heat

capacity rate ratio for the tube element (Cei*) is calculated from:

WIT Transactions on Ecology and the Environment, Vol 237, © 2019 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



Energy and Sustainability VIII 19

* ma,el ca

Cp=—tt (11)
m. C.

w,el ~w

Under nonuniform airflow conditions, each of the tube elements is exposed to different
air mass flow rates. In that case, the air mass flow rate at the tube elements can be expressed
using the continuity equation:

w, A, p.c
C:; — a,?l apa a ' (12)
m

w,elcw

In the above equation, the air velocity at the tube element is wj 1, the tube element cross
section is 4, and the air density p,. On the tube-side the water mass flow rate at the tube
element is determined by dividing the total water mass flow rate by the number of
tube circuits, assuming that the water flow is uniformly distributed among them. The number
of transfer units of the tube element (NTUe) is determined from:

UA UA
NTUCI — el — el ) ( 1 3)
C Wa,el Aa ,D a Ca

a

The tube element effectiveness (eq1) is calculated assuming that C* = 0, that is:
&, =1—-exp(-NTU,) . (14)

The air and water temperatures at the outlet of the tube element can be determined from
the system of equations comprising the tube element heat balance (eqn (10)) and the tube
element dimensionless groups (eqns (12)—(14)):
+2¢,C.T,

a,el,in

_ (2 - gelC:: )Tw,e],in
2+ %le
+ |:gel (C: - 2) + 2:| 7‘2’1,6“!1 .

*
2+¢,C,

welout —

(15)
2¢.T

el” w,el,in

aclout —

The TEM method can calculate the heat exchanger effectiveness by taking into account
the effects of nonuniform airflow. Furthermore, it can take into account the effects of
complex tube-side flow circuitry, beyond the reach of available analytical eqns (5)—(8). The
number of tube elements used in the TEM method is selected depending on the desired
accuracy and the available processor resources. A numerical algorithm for the TEM method
was developed. The necessary input parameters are the geometry of the tube-side circuitry,
the tube connecting sequence and the number of tubes in each circuit as well as the airflow
profile at the inlet. Each tube element in the heat exchanger is assigned three indexes: the
first one for the tube element sequence number in the observed tube, the second for the tube
sequence number in the observed flow circuit and the third for the flow circuit sequence
number in the heat exchanger. The TEM algorithm follows the direction of the tube-side fluid
flow, with the outlet temperature of the current tube element being the inlet temperature for
the following tube element. Overall, the heat exchanger can be discretized into thousands of
tube elements onto which mass and energy conservation equations are applied and solved
until reaching the desired level of solution accuracy.
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3 RESULTS AND DISCUSSION
3.1 Validation of the analytical method

The results of the TEM method are validated against measurement data collected on the
HEX:3R-7C heat exchanger under nonuniform airflow (Fig. 5). The heat exchanger
operating conditions are defined by air and water mass flow rates of m, = 1650 kg/h and
rity, = 800 — 3200 kg/h, with air and water inlet temperatures of #,;» = 15°C and #yin = 60°C,
respectively. Overall, the TEM method achieves very good agreement with experiments. The
TEM underestimates the heat exchanger effectiveness in the region of C* > 0.4. Tube-side
flow nonuniformity and fin longitudinal heat conduction, both neglected by the TEM method,
could be among the possible causes of this discrepancy.
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Figure 5: TEM validation: HEX:3R-7C fin-and-tube heat exchanger in nonuniform
airflow profiles A1, A2 and A3.

The TEM method is first used to calculate the effectiveness of the HEX:3R-7C heat
exchanger with uniform airflow conditions. This is done in order to understand the effect of
the flow arrangement on the heat exchanger effectiveness. Fig. 6 shows the heat exchanger
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effectiveness calculated with the TEM method and compared against the thermal
effectiveness of the pure parallelflow heat exchanger (eqn (6)). Fig. 7 shows the comparison
between the effectiveness of the HEX:3R-7C heat exchanger and the effectiveness of
the single-pass three-tube-row crossflow heat exchanger (eqn (8)). It can be seen that the
effectiveness of the HEX:3R-7C heat exchanger is much closer to the effectiveness of
the pure parallelflow (Fig. 6) heat exchanger than to the effectiveness of the single-pass
three-tube-row crossflow heat exchanger (Fig. 7). This suggests that the Z-shaped tube
circuitry of the HEX:3R-7C heat exchanger induces a parallel-crossflow arrangement
between the fluid and a consequent loss of thermal performance.
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Figure 6: TEM results for the HEX:3R-7C heat exchanger under uniform
airflow — comparison against the parallelflow.
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Figure 7 TEM results for the HEX:3R-7C heat exchanger under uniform
airflow — comparison against the single-pass three-row crossflow (eqn (8)).
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3.2 Heat exchanger effectiveness for nonuniform airflow

The effectiveness of the HEX:3R-7C heat exchanger under nonuniform airflow conditions is
calculated using the TEM method. Fig. 8 shows the effectiveness of the HEX:3R-7C heat
exchanger operating under nonuniform airflow profile Al and the comparison against
the effectiveness obtained for uniform airflow. Nonuniform airflow profile A1 was generated
by blocking access to airflow to the two lowermost flow circuits. Fig. 9 plots the effectiveness
deterioration caused by nonuniform airflow A1l. The effectiveness deterioration is calculated
as the relative difference between the heat exchanger effectiveness for uniform and
nonuniform airflow profile, as stated by eqn (3).
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Figure 8: TEM results for the HEX:3R-7C heat exchanger under nonuniform airflow
profile A1 — comparison against TEM results for uniform airflow.
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Figure 9: TEM results: effectiveness deterioration caused by nonuniform airflow
profile Al.
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4 CONCLUSION

A new calculation method for fin-and-tube heat exchangers was presented in this paper — the
TEM method. The TEM method was validated against experiments carried out on a heat
exchanger operating under nonuniform airflow and very good agreement between predicted
and measured values of heat exchanger effectiveness was achieved. The TEM method can be
seen as an extension of the standard e-NTU thermal design method but with the addition of
being able to determine the effectiveness of heat exchangers in nonuniform airflow and with
complex tube-side flow circuitry. The test subject was a three-row, seven flow circuits
fin-and-tube heat exchanger with a total of 38 tubes. The tube-side flow circuitry exhibits a
Z-shaped pattern, with water flowing back-and-forth with respect to the incoming airflow.
The TEM method revealed that the Z-shaped flow circuitry generates a loss of thermal
performance and the resulting effectiveness curves resemble closely the curves of the pure
parallelflow rather than those of the single-pass three-row crossflow. Further, the TEM
method revealed that nonuniform airflow causes effectiveness deterioration. For the observed
nonuniform airflow profiles, the size of the effectiveness deterioration depended on the heat
exchanger dimensionless groups, the heat capacity rate ratio C* and the number of transfer
units NTU. The method showed that the effectiveness deterioration is the biggest for balanced
heat capacity rate ratios (C* = 1), decreases with the decrease of C* and is the smallest in
evaporators and condensers (C* = 0).

The TEM method proved as a valuable tool for the thermal design of fin-and-tube heat
exchangers capable of improving the circuitry of the tube-side fluid flow and assessing the
effects of airflow nonuniformity on the thermal performance of the heat exchanger.
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