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Abstract. The present work concerns an experimental study on the thermal performance of a fin-and-tube heat exchanger (HX) 

under the effect of a non-uniform airflow velocity distribution upstream of the HX. To this end, an experimental setup is designed 

and implemented. Its main objective is obtaining experimentally non-uniform velocity distributions upstream of a HX with 

prescribed mean and standard deviation. It is shown that HX thermal performance deteriorates due to the maldistributed 

upstream velocity. The obtained results agree with numerical results reported in literature. 

 

 

1. Introduction 

      HXs are mostly used in applications demanding heat 

transfer between two fluids [1-2] such as space heating, 

refrigeration, air conditioning, power plants [3], nuclear 

reactors, chemical plants, petrochemical plants, automotive 

industries, natural gas processing, and sewage treatment [4-8]. 

A common example of a HX can be found in a vehicle 

underhood where a circulating fluid, known as engine 

coolant, flows through the radiator coils with air flowing past 

the coils to cool the fluid. 

 

Different brands of HXs are present and depend mainly on 

how the fluid flows and on the geometry. Fins-and-tubes, 

counter-flow channels and micro-channels, reactors, shell and 

tube coil, and multifunctional HXs [9-15] are some of the 

most common types of HXs. Fins-and-tubes HXs [16] consist 

of continuous parallel fins located among elliptical-cross-

sectional tubes. HXs of the fins-and-tubes type are used in 

several engineering applications, especially automotive 

applications due to their high thermal efficiency, light weight 

and compactness.   

 

Preceding studies [17-21] on fins-and-tubes HXs revealed 

that their thermal performance is mainly dependent on fin 

space, tube pitch, louver angle and the operating parameters 

in such as fluid flow rates and temperatures. Nonetheless, for 

a specified fins-and-tubes HX geometry and given working 

conditions, it was proved that the topology of the airflow has 

superior effect on HX performance compared to the tubular 

flow (flow to-be-cooled) [22-23]. In other terms, fins-and-

tubes HXs subjected to two dissimilar upstream velocity 

layouts of equal flow rate exhibit different thermal 

performances. Actually, when incorporated in complex 

geometries (for example in the car underhood), a fins-and-

tubes HX is constantly exposed to a maldistributed upstream 

flow velocity and temperature distributions. The velocity mal-

distribution degrades HX thermal performance [24-26]. 

Nevertheless, little investigations concentrated explicitly on 

the relation between a HX thermal performance and the mal-

distributions in the velocity and temperature fields. Khaled et 

al. proved numerically [27-29] that non-uniform flows 

through a fins-and-tubes HX might reduce its performance by 

up to 40%. Instead, the mal-distribution in the upstream 

temperature distribution can either enhance or reduce the 

performance of a fins-and-tubes HX by up to 5% depending 

on configuration. 

 

This work presents an experimental study of the effect of 

airflow velocity maldistribution upstream of a HX on the 

thermal performance, with an ultimate aim of validating the 

numerical results of the literature. This study is made possible 

by an experimental setup that provides a real exchanger with 

hot water and allows setting and controlling a prescribed 

velocity distribution. The obtained experimental results 

confirm thermal performance degradation due to non-

uniformity as reported in the numerical results of the 

literature.   

 

The rest of this paper is organized as follows. Section 2 is 

devoted to an overview on numerical study of performance of 

HXs with velocity and temperature distribution non-

uniformities. In section 3, the experimental setup will be 

exposed. Section 4 is then devoted to the tested configurations 

as well as the corresponding results. Finally, section 5 draws 

the main conclusions of the work. 

 

 

2. Overview on Numerical Studies 

       There are few experimental studies that tackle the 

thermal performance of different types of HX with respect to 

the non-uniformities in airflow, water flow and temperature 

distributions of both flows. The existing studies are mainly 

numerical or analytical and lack experimental validations and 
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comparison calculations/experiments. Since the objective of 

this study is to obtain experimentally a database on HX 

thermal performance exposed to maldistributed velocity and 

temperature profiles and to validate numerical results done 

before, the main numerical results obtained and how non-

uniformities are modeled will be overviewed below. 

 

 

2.1. Effect of Velocity Nonuniformity 

 
In 2007, Beiler and Kroger [30] showed that airflow 

maldistribution degrades the performance of the HX. 
However, with optimized designs of these exchangers (air-
cooled), the degradation can be minimized. T’ Joen et al. [31] 
aimed to predict through simulation the effect of airflow non-
uniformity on an exchanger with uniform liquid flow. It was 
shown that airflow non-uniformity reduces the exchanger’s 
performance, in addition, the developed numerical tool allows 
for achieving HX designs with enhanced efficiencies. For 
turbulent flow, Mueller [32] found that certain types of HXs 
exhibit slight reductions in performance under the effect of 
airflow non-uniformity, the reduction is more severe with 
laminar flows.  

In 2011, Mao et al. [33] investigated how the thermal 
performance and pressure drop are affected due to airflow 
non-uniformity in a louvered fin-and-tube HX. A maximum 
capacity reduction of 6% was obtained along with a 34% 
maximum pressure drop increment. Chin and Raghavan [34] 
proved that for a non-uniform airflow profile, the fin-tube HX 
thermal performance is influenced by statistical parameters of 
the profile such as the mean, standard deviation and the skew. 
The kurtosis however, has no effect. Kaern et al. [35] 
numerically investigated the performance of an evaporator 
subjected to airflow, feeder tube bending and liquid-vapor 
phase non-uniformities. It was observed that these 
maldistributions harm the cooling capacity and the coefficient 
of performance of the evaporator. 

In 2013, Huang and Wang [36] provided optimal 
configurations of 3D U-type compact parallel flow heat 
exchanger to obtain uniformly distributed tube flow rates.  

In 2014, Chu et al. [37] investigated numerically four designs 

of a high temperature HX for flow uniformity. It was 

concluded that a reduction of 52% in the maldistribution for 

the inlet manifold was achieved with helical baffles, which 

also provided a 24% increase in the Nusselt number. Yaici et 

al. [38] examined through 3D-CFD simulations the airflow 

non-uniformity impacts on the thermo-hydraulic performance 

of HXs. 50% enhancement or degradation in the Colburn j-

factor was obtained in comparison to a HX with a uniformly 

distributed inlet air velocity. 

 

2.2. Effect of Temperature Nonuniformity 

 

   Kou et al [39], in 1997, examined the influence of 

temperature non-uniformity on a two-hot-one-cold direct 

transfer HX thermal performance. It was noticed that the 

maldistribution in the temperature profile enhanced the 

performance. 

 

In 1998, the thermal performance of HXs was shown by Kou 

et al. to be deteriorated by inlet temperature non-uniformity 

and longitudinal wall conduction [40].  

 

In 1999, Ranganayakulu and Seetharamu [41] performed 

numerical calculations of the performance of a crossflow 

compact plate-fin HX and its degradation in response to the 

simultaneous influences of longitudinal wall conduction and 

velocity and temperature non-uniformities for numerous 

designs and working circumstances. Authors established that 

the performance deviations are relatively important in certain 

characteristic applications. 

 

In 2002, Guo et al. [42] performed theoretical and 

experimental investigations of the effect of uniformity of the 

temperature difference field on the effectiveness of several 

types of HXs. Authors indicated that the maldistribution in 

the temperature difference reduces the HX effectiveness.  

 

In 2008, Mishra et al. [43] conducted numerical calculations 

of transient temperature response of a crossflow HX to the 

temperature and flow mal-distributions for several conditions. 

It was observed that the responses depend on the individual 

temperature profile position for the temperature 

maldistribution, and on the fluid moving device’s position for 

flow non-uniformity. 

 

Passing through the above studies and others done by the 

authors of this paper [27-29], it can be noticed that numerical 

tools and methods continue to change and there has been a 

better understanding of the impact of airflow velocity and 

temperature maldistributions on HXs thermal performance. 

At the same time and despite the differences among these 

methods, they are all based on a common fundamental as to 

dividing the HX matrix into nm cells and of applying the 

energy balance at each cell level. 

 

For each cell, given values of air temperature and velocity are 

considered upstream of the cell in order to describe the air 

temperature and velocity non-uniformities over the entire 

surface of the exchanger. Output parameters calculated for 

each cell are then considered input parameters for the 

following cell. 

 

The main concern of the various studies presented above is to 

provide an analysis on how airflow velocity and temperature 

non-uniformities affect the thermal performance of a HX. 

This study provides a procedure towards optimizing the 

cooling air arrangement of a certain tube-fin HX. To seek this 

objective, experimental studies are required to validate 

numerical tools and to provide answers when the numerical 

models are incapable. To proceed, a modular and flexible 

experimental setup should be conceived and implemented. 

The main features of this setup should be its ability to control 

air temperature and velocity distributions upstream of the 

exchanger in order to perform parametric studies. This setup 

will be exposed in the next section. 
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3. Experimental Setup 

       The experimental setup consists of a thermal part and an 

aerodynamic part. The thermal part of the experimental setup 

forms a closed loop, starting by the water heater and finishing 

by it. It is made up of the following components: 

 

1- A 100-L water storage tank equipped with a gate valve 

and used to fill the electrical water heater for the first 

time. If there are leakages or losses in the system, it can 

be used to refill the system. 

 

2- A 100-L electric water heater used for heating water up 

to 80 0C, with two gate valves to control the flow needed 

for the system. 
 

3- Hot water return pump with a maximum head of 10 m, a 

flow rate of 18 L min-1 and a rotational speed of 2900 

rpm. The pump is used to circulate hot water of the 

electric water heater in the HX in a closed thermal loop. 

 

4- A 70 cm × 55 cm radiator with two thermostats 

(temperature sensors) positioned at the inlet and outlet 

of the exchanger. 

 

 
Fig. 1. Schematic of the thermal part. 

The connections among the different components of the 

thermal part are shown in Fig. 1. 

 

The aerodynamic part (Fig. 2) consists of: 

 

1- A 70-cm duct, divided into 15 cells with area of 18.3 cm 

× 14 cm each, used for guiding airflow in each cell to 

have a constant velocity over the cell surface. It permits 

at the same time to prescribe different velocities in the 

cells to have a maldistributed velocity profile covering 

the whole surface of the HX. The reason for dividing the 

duct into several cells is that numerical computational 

codes with which the experimental results are to be 

compared are based on the same principle. 

 
 

2- Fifteen fans with 100-W power, 12-V voltage and 13 m 

s-1 velocity for the given cell area and distance. 

3- Five-speed regulators, each used to control the speed of 

three fans. The fans and their regulators allow creating 

and achieving prescribed velocities in the different cells. 

4- Five 40-A/ 12-V batteries used to supply the fans 

through the regulators. 

 

Fig. 21. Schematic of the aerodynamic part. 

The two parts were finally assembled together to form the 

overall experimental setup shown in Fig. 3. The flexible and 

practical design of this setup allows it to be readily adapted to 

studying the non-uniformity of the upstream velocity and 

temperature distributions. The following section discusses 

different configurations of velocity distribution that can be 

achieved with the experimental setup as well as the 

corresponding impacts on the exchanger’s thermal 

performance. 

 

 
 

Fig. 3. a) Schematic of the experimental setup, b) the 

complete experimental setup. 
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4. Configurations and Results 

      Testing will be based on several values of water flow rate 

and mean air velocity.  The water flow rate values are 200, 

400, and 600 L/h and the mean air velocity values are 2 and 3 

m/s. The testing protocol is as follows: 

 

1- Take a fixed value for Q water flow rate; 

2- Take a fixed mean air velocity value; 

3- Take results for different configurations of standard 

deviations for the same mean velocity values;  

4- For each configuration read the inlet and outlet 

temperatures. 

 

A total of 36 configurations are obtained with the modular 

experimental setup and tested. These 36 configurations 

correspond to six configurations of velocity profiles entering 

(upstream) the exchanger for each mean air velocity (2 and 3 

m/s) and for each of the three water flow rates of 200, 400, 

and 600 L/h. The configurations of velocity distributions are 

shown in Fig. 4 and Fig. 5. 

 

Fig. 6 shows the water outlet temperature and the thermal 

performance of the HX with respect to the standard deviation 

of the upstream velocity distribution for several water flow 

rates and a mean velocity of 2 m/s. 

 
 

Fig. 42. Configurations of velocity distribution for a mean 

value of 2 m/s. 

 

 

Fig.5. Configurations of velocity distribution for a mean 

value of 3 m/s. 

 

It is noticed that the upstream velocity maldistribution raises 

the water temperature outlet of the HX. For example, for a 

water flow rate of 200 L/h, increasing the standard deviation 

from 0 to 2 m/s causes the outlet temperature to increase from 

53.8 °C to 58.2 °C. The HX thermal performance (Fig 6-b) 

drops from 3.78 kW to 2.75 kW when the standard deviation 

is increased from 0 to 2 m/s, a 27% reduction in comparison 

to a uniformly distributed upstream velocity. These 

magnitude orders are close to that obtained numerically by 

Khaled et al. [27]. For the water flow rates of 400 and 600 

L/h, the thermal performance of the exchanger decreases from 

7.56 to 5.65 kW and from 10.99 to 8.26 kW respectively. The 

same trends are noticed for a mean velocity of 3 m/s. 
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Fig. 63. Variation of a) outlet temperature, b) thermal 

performance in function of the standard deviation for different 

water flow rates. 

 

5. Conclusions 

This work concerned an experimental study of HX thermal 

performance in relation with the non-uniformity of the 

upstream velocity distribution. A prototype with its 

corresponding setup was designed and implemented. The 

prototype consists of two parts: thermal and aerodynamic. 

The aerodynamic part permits to fix and control a prescribed 

velocity distribution upstream a real HX. The thermal part is a 

closed loop permitting to provide a real exchanger with hot 

water. This part permits to maneuver the thermal performance 

of the HX for different velocity distributions.   

 

It was concluded that the upstream velocity maldistribution 

degrades the thermal performance of the HX. For example, 

for a water flow rate of 200 L h-1 and a mean velocity of 2 m 

s-1, increasing the standard deviation from 0 to 2 m s-1 

decreases the thermal performance of the exchanger from 

3.78 kW to 2.75 kW, a 27% decrease compared to a uniform 

upstream velocity distribution. These tendencies are coherent 

with the numerical results reported in the literature. 
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