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1.
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 airflow characteristics as represented by the spatially averaged temperature and velocity 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.  Note that separate temperature measurements (e.g., thermocouples) would need to be added to the former two methods to provide thermal data.


A brief introduction to the TTA will be given in the next section.  This information will be integrated into the subsequent discussion of the measurements that can support the development of a new cooling air circuit.  Additional information on the TTA is available at this web site (dfti-us.com).

2.
THE TTA (THERMAL TRANSIENT ANEMOMETER)

The TTA out represents an area average of the velocity and temperature of the air passing a “cell;” see Fig. 1 for a schematic representation of a cell.  The velocity and temperature at the face of a heat exchanger can be obtained from a TTA frame that is made up of an N(M array of cells.  The zigzag pattern of the TTA cell is to achieve a realistic approximation to the area integrals 
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As described in the publication, Foss, et al. (2004), each increment ((ℓ) of the small diameter Tungsten wire serves as a local velocity or temperature 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 average temperature <T> is provided by the resistance of the sensor wire in the unheated condition.  Specifically, 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.


As clarified in Foss, et al. (2004), the velocity calibration for the TTA has the form:
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where ( is the time constant of the temperature “decay” for the Tungsten sensor wire following the (I2R) heat addition and its cessation.


The room temperature calibration constants of (1) are modified as
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to account for the elevated temperatures of a measurement environment.  Here, kw is the thermal conductivity of Tungsten, kf is the thermal conductivity of air at the film temperature: 
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 and ( is the kinematic viscosity of air at the film temperature.


In operation, the control electronics first reads Ramb from which Tambient is obtained.  Then, the sensor temperature is elevated to THot.  The electronics switches to a monitoring current (10ma) and R(t) is tracked from T​Hot to nominally 0.4(TH(Tamb).  These R values are used to determine ( from
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Equations 2 and 3 then provide the velocity V for the cell.

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 a typical 4(4 array).  The cell dimensions in a given application can be selected by the customer.  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 a given segment’s flow rate is not 
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/16 since upwind/downwind obstructions and the non-uniform flow through the fan plane will create a non-uniform velocity distribution at the aft face of the radiator.


The TTA provides the capability to obtain 
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 by summing the flow rates through the individual cells and it provides the additional information of the flow distribution.  The latter allows the development engineer to identify the low-flow regions that can be corrected by geometric modifications.

3.
THE NET RATE OF HEAT TRANSFER 
[image: image13.wmf])
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3.1
The Control Volume Energy Equation

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 mass flow rate is 
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 and whose downstream face is at the position of the TTA frame, 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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The development engineer is appropriately concerned with the total 
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 for a given set of conditions.  The following considerations will make the argument that dividing the complete flow area into “cells” and summing the cell contributions to obtain 
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 is a rational approach.  Hence, the area integral of (1) will be described as the sum of the contributions of the N(M cells of a given TTA frame.  Similarly, the mass flux should be obtained as a summation.
3.2
Evaluation of the Flux Terms that Balance 
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 and that Provide an Accurate Measurement of Mass Flow Rate


The shaft work rate 
[image: image21.wmf])
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 and the unsteady term plus the gravitational-potential energy terms of (1) do not play a role in the thermal energy balance.  This section provides commentary on the measurement of the important terms of (1) as well as the accurate evaluation of the mass flow rate.


The rhs integral of (1) can be approximated by a summation as:
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where S is the sum of the cells for which “local” measurements are made and the enthalpy (h) is defined as
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 (for a perfect gas)                          (8)

The TTA provides the temperature and the velocity that are required to compute h and V2/2 for (7).


The importance of providing 
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 for each cell, in lieu of using a total 
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 for the complete area, is evident in (7) recognizing that h and V2/2 are not (in general) uniformly distributed.  In addition it is noteworthy that a spatially averaged velocity <V>=q/A and an average density <(> for the complete radiator face will not suffice to specify the mass flow rate.  Specifically, let
<(>i=<(>+(i(                                                 (9)
and

<V>i=<V>+Vi(                                                (10)

represent the density and evelocity for the ith cell.  Then,
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Since a lower speed (V(<0) will correlate with a higher temperature (more dwell time at the heat exchanger), ((V( is expected to have a net positive value in (11).

These considerations support the importance of the TTA as an experimental tool to support the development of a cooling air circuit.

4.
ALTERNATIVE TECHNOLOGIES

Commentary on two of the commonly used technologies is provided here.

4.1
Kiel Probes

These are often used.  However, their actual sampled information is pT where

pT=ps+(V2/2                                              (12)

for the stagnation streamline that impacts the open end of the probe.  The first observation is that a Kiel probe provides “information at a point” and not the area averaged information that is useful for the development process.  If one uses a Kiel probe array (e.g. 16 probes), then the equivalent cell’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 (assuming that a static tap is installed in a side panel of the radiator assembly) in order to determine V at the measurement point.


An alternative Kiel probe configuration is to place probes on the up- and downstream faces of the radiator.  (Both sets of probes face into the flow.)  This arrangement can be used with a uniform approach flow to calibrate the ((T (pressure difference) values as a function of velocity.  This strategy relies on the (p across the radiator for the same velocity at the up- and downstream Kiel probes. (A yawed-or-pitched velocity at the upstream face can disrupt this measurement.)  This dual probe arrangement is, in general, more reliable than a single probe measurement.  However, the radiator preparation time (to install the Kiel probes) is essentially doubled.

In summary, the Kiel probes make use of one point 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 shows that: i) area blockage associated with the pressure leads, ii) the need for a sensitive pressure transducer to record the low-level (pT(ps) magnitudes, and iii) alignment issues to avoid fin wakes and between-fins-jets represent additional difficulties with this measurement technique.
4.2
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.  The propeller units are expensive and vulnerable to mishandling that can damage the bearings.  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 undesirable imposed (p across the anemometer will primarily derive from the area blockage of the hub and the frame.  The zero net moment-of-momentum flux implies no additional (p across the flow area of the blades.


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.

REFERENCES
Potter, M.C. and Foss, J.F. (1975) Fluid Mechanics, The Ronald Press Co., New York, (Now published by Great Lakes Press, Okemos, MI).

J. F. Foss, J.K. Schwannecke, A.R. Lawrenz, M.W. Mets, S.C. Treat, and M.D. Dusel,  (2004) “The thermal transient anemometer,” Measurement Science and Technology, 15, pp. 2248-2255.

� Note that the oft-used term: “convection” is not a fundamental mode of heat transfer.
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