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I.
INTRODUCTION

Some fraction (ca 33%) of the thermal energy, released in the power producing engine of an automotive vehicle, must be discharged to the ambient through the vehicle’s radiator.  Other heat exchangers (condenser, transmission oil cooler, charge air cooler, etc.) may also be involved.  These elements, collectively, form the thermal source for the cooling air circuit.


The downstream face of a radiator, in such an automotive cooling circuit, is an optimal location for the evaluation of the circuit’s air flow characteristics as represented by  the temperature and velocity spatially averaged over suitable sub-sections of the radiator’s face area.


This document has been prepared to offer commentary on three methods:  Kiel probes, propeller anemometers, and the Thermal Transient Anemometer, by which the relevant airflow information can be obtained.

The thermal energy, delivered to the exchanger by the liquid media, will be conducted to the surfaces (primarily the fins) of the unit and, from there, the energy is transferred by conduction
 to the passing air.  This second stage heat transfer rate will be given the symbol 
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Consider a segment of the heat exchanger as (L/4), (w/4) where L and w are the length and width of the full unit.  (4 is selected in its relationship to our suggested 4(4 array but one could also use N where, the larger the N, the greater the recovered details – at the price of measurement time and capital cost).  There is an associated airflow (defined by the boundary streamlines) through this segment.  If the total mass flow rate through the cooling air circuit is 
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, it is likely that the segment’s flow rate is not 
[image: image3.wmf]T

m

&

/4, given upwind/downwind obstructions and the non-uniform flow through the fan plane.  However, some 
[image: image4.wmf]m

&

 will exist.


The following equation (1) is taken from the basic fluid mechanics text by Potter and Foss (1975).  It represents the first law of thermodynamics written for a control volume and the relevant text pages ( that present its derivation ( can be forwarded, upon request, to the reader.  The essential point of interest is that 
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, for the control volume whose flow rate is 
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, can be isolated using this equation.  An important term:  [p/(], or the “flow work,” appears on the rhs along with the energy flux terms.
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Of specific concern here:

· for the segment, the mass flow is
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· If, as can be expected, ( and 
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 are not uniformly distributed in space, then
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where < > is a spatial average since

<(V>=<(><V>+<((V(>                                                       (3)

and where ( )( is the local deviation from the spatial average: <( )>, of the property: ( ).

From (1), 
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 and d[ ]/dt=0 for steady flow.  (z for the radiator is not relevant.  V2/2 represents the kinetic energy and the enthalpy: h, is a naturally occurring property from (1) as:
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and, for a perfect gas (i.e., air, in this case),
h=cpT                                                             (4b)
Hence, the “in principle” information to be used to evaluate the heat transfer rate 
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 that exists within the given segment can be obtained from the net flux of kinetic energy and the net flux of enthalpy through the control volume bounded by the confining streamlines and the up- and- downstream face areas of the control volume (the areas of the segment).


This “in principle” method would require a sufficient number of V and T samples to determine the area integral.


These considerations now establish the context for the “in-practice” methodology to evaluate that segment’s contribution to the total heat transfer rate.  The following identifies the contributions of Kiel probes, prop anemometers, and the TTA.

KIEL PROBES

These are often used.  However, their actual sampled information is pT where
pT=ps+(V2/2                                                    (5)

for the stagnation streamline that impacts the open end of the probe.  If one uses a Kiel probe array (e.g., 16 probes), then the segment’s area is sampled at one point.  The density:  (, would have to be inferred ((=p/RT) and the static pressure would have to be assumed constant from its laterally displaced measurement site in order to determine V at the measurement point.  That site would have to be “connected” to the segment via parallel streamlines such that the transverse pressure gradient:
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would be zero given R(( of the parallel streamlines.  This no-curvature constraint must be maintained to the tap itself…not just across the face of the radiator.  Also, the tap would have to be realized as a small hole that involves no burrs if a correct ps value is to be obtained.

In summary, the Kiel probes offer no T value for cpT and “difficult to justify” evaluations of V from pT and the surrogate ps.  Also, one point is used to infer an area average.  This “one point” cannot be directly in-line with a fin-wake nor a “between fins jet” if it is to represent an “average velocity”.  Practical experience with Kiel probes can involve area blockage associated with the pressure leads, the need for a sensitive pressure transducer to record the low-level (pT(ps) magnitudes, and alignment issues to avoid fin wakes and between-fins-jets.
PROP ANEMOMETERS

These anemometers rely on low friction bearings, an rpm indicator, and the equilibration of “zero net moment-of-momentum flux” to provide an angular speed proportional to the approach velocity.  They are calibrated in a uniform approach flow.  They will (typically) return a correct approach flow from the measured rpm if  the approach flow is uniform.  The non-linearities of the “lift on the airfoil” as a function of radius and azimuthal position makes their response to a non-uniform approach flow problematic.


The prop anemometers may be configured as a circular element in a square case.  As such, they could provide “complete coverage” over the downstream face of a radiator if their dimensions were properly selected.  Accounting for the frame width and the hub area, their blockage will be ca 25-30% of the area segment for the square case units.  That is, if the radiator face is fully covered, there is a 25-30% reduction in the area for the airflow.  If a single unit is installed, the air will “pass around” the obstruction of the case.  If this is not the geometry of the calibration, a quantitatively incorrect reading will result.  If a complete coverage using circular frames were utilized, an unknown by-pass airflow around the unit would result.

The prop anemometers do provide a signal for reverse flow.  However, the above cited non-linearities disallow this indication as showing an area averaged reverse flow unless it is a uniform approach reverse flow and an appropriate calibration has been made.  Specifically, consider that the rhs of the prop experiences forward flow and the lhs experiences reverse flow.  The device will likely show a small positive flow given the prop’s blade shape.

There is no T-signal from a prop anemometer.

TTA

The zigzag pattern of the TTA is to achieve a realistic approximation to the area integral that is required by (1); see Figure 1.  As described in the publication, Foss, et al. (2004), each increment ((x) of the 50(m Tungsten wire serves as a local velocity measurement element whose effects are summed (approximating the integral) along the length of the sensor wire.
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Figure 1.  A schematic representation of a single TTA cell.

The TTA provides, for the same area segment, the average temperature <T>.  This information is provided by the resistance of the sensor wire in the unheated condition.  Specifically, since the resistance of the tungsten wire can be described as
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where (=temperature coefficient of resistance and Ro is a convenient reference condition, the initial measurement of R will directly provide the ambient temperature value for that cell.  In the installed condition, and with an operating engine, this will be the temperature that represents the “heat-rejection” for that cell of the cooling system.

Since the thermodynamic pressure (patm) is known, the density <(>, can be obtained from the measured <T>.

Returning to (1), the Q for that segment can be expressed as (where ( shows the difference between the downstream and the upstream terms of ( )),
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where the (<V2> could be evaluated from the conservation of mass relationship:

<(1V1A>=<(2V2A2>
or

<V1>(<V2><((2/(1)>

(<V2><(T1/T2)>                                                        (9)

which does not include the ((V( effects noted in (3) above.  These higher order effects are expected to be of the same order as the other intrinsic uncertainties.


The dominant terms:
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can be evaluated with the TTA given the
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 and the <T> values.
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� Note that the oft-used term:  “convection” is not a fundamental mode of heat transfer.
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