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Abstract

In this work, numerical results focused on the enhancement of water-air heat exchanger thermal
performance are presented. New designs consisting of using diffusers between the front end
openings of the vehicle and the first exchanger facing the airflow are suggested. The diffuser
will reduce the velocity magnitude but over a larger area through the exchanger. This will
reduce the air velocity non-uniformity upstream the exchanger and then increase its thermal
performance. An in-house code is established to evaluate the thermal performance of the
exchanger based on known parameters; namely, the ratio of the area of the air inlet opening to
the area of the exchanger, the distance between the air inlet opening and the first exchanger at
its downstream, the angle of the diffuser, and the water and air mass flow rates. It was shown
that the thermal performance of the exchanger can be enhanced by up to 67 % when the diffuser

is present depending on the configuration.

Keywords: Diffuser, Energy consumption, Cooling module, Heat exchanger, Thermal

performance, Air velocity uniformity.



1. Introduction

Tubes-and-fins heat exchangers are cross-flow heat exchangers composed of numerous tubes
of elliptical geometry over which several continuous parallel fins are positioned. These
exchangers are the most commonly used water-air heat exchangers where water flows through
the elliptical-section tube and air through the exchanger fins.

Studies on the effect of air velocity non-uniformity on the thermal performance of liquid-air
heat exchangers are present in the literature for different types of heat exchangers and different
ranges of applications and operational parameters [1-6]. Particularly, Khaled et al. [ 7-8] studied
the effect of air velocity nonuniformity on the performance of water air heat exchangers of tubes
and fins types used mainly in automotive applications. They have concluded that the
nonuniformity of air velocity distribution upstream of a tubes-and-fins air-water heat exchanger
can decrease its thermal performance up to 35 % when the standard deviation of the distribution
is equal to its mean value. From an optimization point of view, the above mentioned conclusion
means that to increase the thermal performance of a heat exchanger, the non-uniformity
upstream of it should be decreased. This result is the motivation of this work in which a new
concept allowing to optimize the thermal performance of water-air heat exchangers is
presented. The originality of the present work resides mainly in the newly suggested concept
along with the use of an in-house computational code that uses the appropriate modeling to deal
with calculations involving non-uniformity. The main idea of the suggested concept consists of

using a diffuser between the front end air opening and the first exchanger at its downstream

(Figure 1).
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Figure 1: New suggested design.
Although the use of a diffuser upstream of a heat exchanger will reduce the velocity magnitude
upstream the exchanger, the air velocity distribution upstream of the exchanger considered over
the entire area of the exchanger will have the same flow rate as at the air inlet opening (the same
mean velocity) but with lower standard deviation (or nonuniformity). The decrease of the
nonuniformity of the air velocity distribution upstream of the exchanger will increase its
thermal performance. To quantify the performance enhancement associated with the use of the
diffuser, a parametric analysis that comprises the effect of many parameters will be considered
in section 3. These parameters are mainly the ratio of the area of the air inlet opening to the area
of the exchanger, the distance between the air inlet opening and the first exchanger at its
downstream (which is equal to the length of the diffuser), the angle of the diffuser, and the
water and air mass flow rates. Calculations are performed with an in-house computational code

that will be presented in section 2.



2. In-house computational code

Details on the code concepts and operational algorithm can be found in [7-9]. Below a short
account will be exposed.

The principle of the method consists in dividing the calculation domain into smaller sub-
domains called Representative Cell (RC) representing the different non-uniform conditions that

the sub-domains may undergo (Figure 2).
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Figure 2: Division of the heat exchanger domain into sub-domains (representative cells).

The global heat exchanger problem is thus divided into several local problems at each RC. In
other terms, the global energy balance problem is converted to several local energy balance
problem at each RC. The results of a cell are utilized as boundary condition for the next cell.
The temperature at each RC is then calculated and thus the distribution of the temperature is
obtained over the entire domain. The outlet temperature of the heat exchanger is calculated from

the values of the temperature at the boundary RC of the domain.

The code was validated against experiments and shows very good agreement qualitatively and

quantitatively [8].



3. Results and Observations

In this section, the aforementioned code is employed to perform parametric study on the thermal
performance enhancement of a heat exchanger subjected to the new design integrating a diffuser
in the cooling module. Figure 3 shows a schematic of the exchanger and the associated diffuser

including the main parameters that will be tested.
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Figure 3: Schematic including the parameters to be tested.

In Figure 3, xis the height of the small cross-sectional area of the diffuser (considered equal to

front end inlet air openings), y is the length of the diffuser in the direction of the flow, z is the

height of the large cross-sectional area of the diffuser, H is the height of the exchanger and &
is the angle of the diffuser.

The height of the large cross-sectional area of the diffuser is related to the height of the small
cross-sectional area by the following relation:

z=x+2ytané@ (5)

The different parameters defined above are normalized with respect to the heat exchanger

length as follows:

yoX (6)
H
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Since the height of the large cross-sectional area should not exceed the heat exchanger height,
there is a maximum for the length of the diffuser although it will be a sufficient space between

the exchanger and front end openings of the vehicle.

A first set of calculations is carried out for a water flow rate of 6000 L/h and an air velocity of
7 m/s. The water and air inlet temperatures are set equal to 90 °C and 20 °C respectively. Ratios
X (height of the small cross-sectional area of the diffuser to the HX height) of 0.2, 0.3. 0.4, and
0.5 are considered. For each X, the ratio Y (length of the diffuser to the HX height) is varied
from 0 to its maximum possible value. The diffuser angle is set equal to 30°. Figure 4 shows
the variation of the HX thermal performance as well as the performance enhancement
calculated in each case with respect to the case without diffuser (which corresponds to ¥ =0)

in function of X and Y.

As shown in Figure 4, the thermal performance of the exchanger increases as Y increases and
as X increases. On the other hand, the enhancement of the thermal performance increases as Y
increases but decreases as X increases. As illustration for X = 0.2 (the air inlet opening
corresponds to 20 % of the heat exchanger area), when Y varies from 0 to its maximum of 0.7,
the thermal performance of the exchanger increases from 16.3 to 23.1 kW. For X = 0.5, when
Y varies from 0 to its maximum of 0.4, the HX thermal performance increases from 39.6 to 79

kW.
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Figure 4: Variation of the (a) HX thermal performance and (b) enhancement in function of X
and Y.
For X = 0.2, the enhancement of the thermal performance increases from 0 to 41.9 % when Y
increases from 0 to it maximum value of 0.7. For X = 0.5, the enhancement increases from 0 to

23.8 % when Y varies from 0 to its maximum value of 0.4.

Indeed, when the diffuser is used and as mentioned previously, the non-uniformity in the
velocity distribution upstream of the heat exchanger decreases (Please see Figures 5-a and 5-b)
and then the thermal performance of the exchanger increases. Now when Y increases, the
reduction in the non-uniformity of the velocity distribution upstream of the heat exchanger is
increased (as shown in Figures 5-a, 5-b, and 5-c) and then the thermal performance is increased.
Figures 5-a corresponds to the case without diffuser (since Y=0). When X increases, the mass
flow rate of airflow across the heat exchanger increases and then the thermal performance
increases. These features explain the trends shown in Figure 4-a.

Now to explain the increase of the enhancement with respect to Y and its decrease with respect
to X, the variation of the relative standard deviation of velocity distribution (the standard
deviation of velocity distribution in each case divided by that obtained without the use of the

diffuser) with respect to X and Y is shown in Figure 6.
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Figure 5: Velocity distribution (in m/s) upstream of the heat exchanger for (a) X = 0.2 and Y
=0;,(b) X=02and Y =0.3; and (c) X =0.2 and Y = 0.7 and (d) location of the velocity

distribution.
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Figure 6: Variation of the relative standard deviation of velocity distribution in function of Y.



As shown in the figure, the relative standard deviation increases when Y increases which causes
the enhancement of the thermal performance to increase with Y. However, the relative standard

deviation decreases when X increases which makes the enhancement decreasing with X.

A second set of calculations is performed for a water inlet temperature of 90 °C and an air of
20 °C. The ratio of the length of the diffuser to the HX height Y is set equal to 0.3. The water
flow rate is set equal to 9000 L/h and the air velocity to 7 m/s. Figure 7 shows the variation of
the HX performance enhancement calculated in each case with respect to the case without
diffuser (which corresponds toY =0 in function of the diffuser angle for different ratios of the

height of the small cross-sectional area of the diffuser to the HX height X .
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Figure 7: Variation of the thermal performance enhancement in function of the diffuser angle

for different X.

As shown in the Figure, the thermal performance enhancement increases as the diffuser angle

increases for a constant diffuser small area and constant distance between the air inlet opening



and the exchanger. As illustration for X = 0.2, when the diffuser angle increases from 20 to 55
deg, the thermal performance enhancement increases from 23.5 to 36 %. This enhancement is
smaller at higher X. For X = 0.5 par example, the thermal performance enhancement increases
from 12.5 to 21.8 % when the diffuser angle increases from 20 to 40 deg. It should be noticed
in Figure 5 that there is a maximum for the diffuser angle related to each value of X otherwise

the diffuser outlet section will be larger than that of the exchanger.

4- Closure

This paper suggested a new design for improving the performance of a water-air heat exchanger
subjected to non-uniform air velocity distribution induced by the geometry of the air inlet
openings. The new design consists on using a diffuser between the front end openings of a
vehicle and the first exchanger facing the airflow (most commonly the condenser).

It was shown that the thermal performance of the exchanger is enhanced by up to 67 % when

the diffuser is present.
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