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Modeling and Analysis of Transient Vehicle Underhood Ther mo-
Hydrodynamic Eventsusing Computational Fluid Dynamicsand
High Performance Computing

Paul Froehle, Adrian Tentner, Carey Wang

1. I ntroduction

This work has explored the preliminary design of a Computational Fluid Dynamics (CFD) tool
for the analysis of transient vehicle underhood thermo-hydrodynamic events using high
performance computing platforms. The goa of this tool will be to extend the capabilities of an
existing established CFD code, STAR-CD, alowing the car manufacturers to analyze the impact
of transient operational events on the underhood therma management by exploiting the
computational efficiency of modern high performance computing systems.

In particular, the project has focused on the CFD modeling of the radiator behavior during a
specified transient. The 3-D radiator calculations were performed using STAR-CD, which can
perform both steady-state and transient calculations, on the cluster computer available at ANL in
the Nuclear Engineering Division.  Specified transient boundary conditions, based on
experimental data provided by Adapco and DaimlerChrysler were used. The possibility of using
STAR-CD in a transient mode for the entire period of time analyzed has been compared with
other strategies which involve the use of STAR-CD in a steady-state mode at specified time
intervals, while transient heat transfer calculations would be performed for the rest of the time.
The results of these calculations have been compared with the experimental data provided by
Adapco / DaimlerChrysler and recommendations for future development of an optimal strategy
for the CFD modeling of transient thermo-hydrodynamic events have been made. The results of
this work open the way for the development of a CFD tool for the transient analysis of
underhood thermo-hydrodynamic events, which will alow the integrated transient thermal
analysis of the entire cooling system, including both the engine block and the radiator, on high
performance computing systems.

2. Overview of the Scientific/Technical Approach

The key objective of this work is to develop a CFD - based analytical methodology that can
efficiently and accurately predict the transient thermal response of an automotive cooling system
and underhood thermal environmert under severe operating conditions such as vehicle
acceleration while climbing a long steep slope. Such an analytical capability does not presently
exist and automotive designers are required to rely on expensive and time-consuming
experimental programs to assess the vehicle underhood conditions during transients. The CFD
code selected for the development of the new transient computational capabilitiesis STAR-CD, a
leading CFD code widely used in the automotive industry worldwide, which can model complex
thermal- hydraulic phenomena on parallel computing platforms. The computing platform used is
a cluster computer with 60 nodes, using the Linux Operating System.



To evaluate the accuracy of STAR-CD calculations and validate the new computational methods
developed during this work we relied on experimental data obtained during transient radiator
experiments performed by DaimlerChrysler. The experimental data was provided by Adapco and
DaimlerChryder. The experimental setup, radiator geometry, and transient experiments
performed are described in Section 3. Severa selected transient experiments were analyzed
using the STAR-CD code. For this analysis we used a STAR-CD computational radiator model
developed initially at DaimlerChrysler. The computational radiator model used in this work is
described in Section 4.

Although modern computational fluid dynamics (CFD) codes such as STAR-CD have the
capability to solve the transient coupled thermal-fluids problem associated with underhood air
flow, coolant flow through the radiator and engine block, and conjugate heat transfer within the
engine, the computational requirements for solving such a coupled problem with millions of
computational zones during transient events that can span hundreds and even thousands of
seconds is prohibitive, even with today’s massively paralel high performance computing
systems. An assessment of the computational time required to model transient events using the
standard STAR-CD transient capabilities was performed during this work and the results are
presented in Section 5.

From an analysis perspective, however, it may not be necessary to solve this complex system in a
tightly coupled mode for transient thermo-hydrodynamic events. The thermal- hydrodynamic
assessment of air, coolant and engine block/component temperatures requires a coupling between
interacting phenomena through boundary conditions. The response times of the hydrodynamic
phenomena are significantly shorter than the thermal response times. This suggests that the
integrated system may be viewed as a set of hydrodynamic and thermal transient phenomena that
can be analyzed independently over appropriate time intervals and coupled only at selected times
through appropriate boundary conditions. The key systems and phenomera being addressed in
this proposal are the underhood air flow and the radiator performance during an engine coolant
temperature transient. Two methods were developed which allow the computationally efficient
modeling of the coupled thermal- hydrodynamic processes which determine the radiator behavior
during transients: @) a combination of transient temperature calculations assuming fixed air and
coolant velocities and periodic steady state calculations which adjust the velocity field to reflect
current corditions, and b) a transient temperature cal culation which assumes that the coolant and
air velocities change in magnitude during the transient, but remain similar to the velocity fields
calculated during the last steady state calculation. A number of new nodels and capabilities,
necessary for the correct modeling of transient thermal-hydraulic phenomena have also been
developed. These include the heat exchanger capability to accurately handle variable coolant
flow rate situations using measured radiator performance curves, and the ability of the heat
exchanger model to calculate the metal temperature in each computationa cell and account for
the thermal inertia effect of the radiator mass during transients. These methods and models
mentioned above are described in Section 6.

The methods and models developed during this work have been tested and validated through
comparison with the experimental data described in Section 3. The results of these experiment
analyses are described in Section 7. The software implementation of the new methods and
models is described in Section 8. Recommendations for further development and validation of
the methods and models developed in this pilot project are presented in Section 9.
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3. Experiment Description

The experimental data used to validate the methods and models developed during this work was
provided by Adapco and DaimlerChrysler. Both steady-state and transient radiator experiments
were performed by DaimlerChryder in order to characterize the radiator response under various
thermal-hydraulic conditions. A selected radiator was installed in the DaimlerChryser
experimental facility as shown in Fig. 3.1. The radiator experiment was instrumented allowing
the measurement of the inlet air flow rate and temperature, the outlet air average temperature, the
inlet coolant flow rate and temperature, and coolant outlet temperature. An initial series of
steady-state experiments was performed to determine the steady-state radiator performance
curves. In these experiments the coolant flow was varied in the range 0.5 - 3.5 Kg/s. For each
coolant flow rate value a series of experiments with air flow rates between 0.1 - 3.3 Kg/s was
performed. The heat transfer information obtained from these runs has been used in the STAR-
CD heat exchanger input file, as described in Section 6.

Four series of transient experiments were performed to explore the transient response of the
radiator under various conditions: a) transient inlet coolant temperature, b) transient coolant flow
rate, c) transient air flow rate, and d) transient coolant and air flow rate. During the experiments,
the selected transient parameters were changed in time in a prescribed manner. The vaues of al
characteristic thermal- hydraulic values of the radiator were measured and recorded at fixed time
intervals of 2.3 s during the experiments. The length of the experiments varied between 500 and
1000 s. In this preliminary work we have selected one example run from the series a, b, and c for
analysis. The characteristics of the selected experiments and the results of the STAR-CD
analyses are presented in Section 7.

Fig. 3.1. Radiator Experimental Facility.
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4, Computational M odel Description

The computational STAR-CD model describing the radiator experimental setup was provided by
DaimlerChrydler. It consists of 217,150 fluid cells. This model only has a radiator component,
which was represented by 14,208 air-coolant cell pairs. The mesh configurations used in the
STAR-CD calculations are presented in Figs. 4.1 and 4.2. In this model, the left, right, top and
bottom surfaces are assumed to be dip surfaces. The vertical faces at the front and back side of
the model are assumed to be the inlet and outlet regions of the air stream, respectively. The inlet
pipe of the coolant flow is clearly shown near the front face of this model. The high Reynolds
number turbulence flow model is used for both air and coolant. Buoyancy and temperature
effects are a'so considered.

In the analysis, both air and coolant flows are considered. Both streams are modeled explicitly in
STAR-CD by defining two overlapping meshes with different material types ( e.g. radiator air-
side cells of material type 1 overlapping radiator coolant cells of material type 2 ).The radiator is
model as “dab” of cells, with little or none of the internal geometric details (i.e. fins, tubes)
included, as shown in Fig. 4.3. Pressure losses through the air and coolant sides of the radiator
were simulated by treating the respective fluid streams as porous media. The porous medium
constants were obtained from test data of pressure drop versus flow rate for the radiator.

In the STAR-CD calculations two options can be used to specify the heat transfer data in the HX
input file, hxinput.dat. In the first option, the coolant mass flow rate is constant. The HX test data
are input under keyword UADAT which specifies air mass flow rates versus overall local heat
transfer rate between the air and the coolant. In the second option, both mass flow rates of air and
coolant can be varied. The HX test data are specified under the keyword QDATA. The input data
involve the air and coolant mass flow rates, inlet temperatures of air and coolant, and the total
heat transfer. For the second option, STAR-CD determines the heat transfer coefficients through
a quadratic curve fitting method, rather than the linear interpretation method. A new option,
specified under the keyword UCDAT has been developed during this work and is described in
Section 7. This option alows the user to input a series of air flow rate data for each specified
coolant flow rate, and then interpolates linearly between the specified performance curves. This
ensures full consistency with the performance curve data, eliminating the need for the quadratic
curve fitting.
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5. I nitial Calculationsfor Performance Evaluation

Presently, the RAE LINUX Cluster consists of one master node (RE1) and 39 slave nodes (RE2 -
RE40). The master node has two 800 MH Pentium 3 processors, and 1 GB memory. Each dave
node, between RE2 through RE17, has one 800 MH Pentium 3 processor and 512 MB memory.
Other dave nodes, RE18 through RE40, have an 856 MH processor and 512 MB memory.

Before developing an efficient method, severa test calculations were made with the STAR-CD
code to study the CPU time required for various runs. The CPU time is important in developing
the methodology and in determination of the solution strategy. Both steady-state and transient
calculations were made. For the illustration purpose, the CPU times on different calculations
using the radiator model provided by DaimlerChrydler are given here.

51  Steady State Calculations

In the steady state calculation, the STAR-CD analysis was performed initialy in serial mode.
The solution converged at the 580th iteration and the CPU time is about 11.58 hours. Since the
calculation that utilized the serial mode is quite time consuming, several steady state calculations
were performed with the STAR-CD code using the RAE LINUX cluster and the results were
compared with the steady-state experiments. In these calculations, three different coolant mass
flow rates, 0.5, 2.5, and 3.5 kg/s are used at the coolant inlet , while two different air mass flow
rates, 1.91, and 3.32 kg/s are utilized at the air inlet.

Table 5.1 provides some results of selected steady state calculations. In the first three runs, the
UADAT option of hxinput.dat is used. In the fourth run the QDATA option of hxinput.dat is
utilized to test the accuracy of this option which would be needed for the transient problems
where both air and coolant mass flow rates may be varied. Results indicated that in general the
STAR-CD predicted outlet temperatures of both air and coolant agree well with the measured
data. Figures 5.1 and 5.2 show the residuals of various field variables for the air ( Fluid 1) and
coolant ( Fluid 2), respectively.

However, under the same input conditions, the agreement between the calculated and measured
result of the Run 4 is not as good as that of the Run 2. Thisimplies that the curve fitting method
used in the QDATA option for calculating the heat transfer coefficients may not be a good
approach. A new option UCDAT allowing the use of linear interpretation when multiple
performance curves for multiple values of the coolant flow rate are specified has been developed
during thiswork and is described in Section 6.

The CPU times for various steady state runs are also given in Table 5.1. Compared the runs with
the same air and coolant mass flow rates shown in Runs 2 and 4 revealed that the CPU times is
reduced more than 4 times if 16 processors is used rather than the 4 processors. For atypical run
using 4 processors, such as Run 4, the CPU time is about 4.5 hours.

5.2 Transient Calculations

In the transient analysis, the inlet air and coolant flow ratesare kept constant. However, the inlet
coolant temperature of the radiator is varied and is described in a user developed subroutine.
Two sets of short calculations were made. The first set of calculations involves 20 time steps
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(cycles). Because of consideratiors of numerical stability and accuracy, the step size used in the
numerical integration is quite small, about 0.0008 sec. The CPU time for this short, coupled air
flow and radiator transient analysis using a single processor (the serial mode) is about 9,782 sec,
or 2.72 hours. The same transient analysis was also performed on the RAE LINUX cluster
parallel computing system using 4 nodes (processors). The CPU time for this parallel calculation
is about 1,280 sec (0.36 hour). The ratio of the CPU times for the serial and parallel runs is
about 7.6 to 1.

As asensitivity study, a second set of transient calculation involving 40 time steps (cycles) were
also made. Again, STAR-CD calculations were performed with both serial and parallel modes.
The resulting CPU times for the serial and parallel calculations are 23,577 and 3,234 sec,

respectively (or 6.55 and 0.90 hours, respectively). The ratio of the CPU times for the serial and
paralel runsisabout 7.30 to 1. For the ease of comparison, results of the computational times for
al therunsare given in Table 5.2.

To study the effect of number of paralel processor on the computational time, two more
calculations (Cases 5 and 6) were performed using 8 and 30 nodes (processors). The CPU time
for the 30-node calculation using the same step size is 235 sec, or 0.065 hour. The ratio of the
CPU times for the 4- and 30- node runsis 13.76 to 1. Comparison of the computational timesis
givenin Table 5.3.

From the results presented in Tables 5.2 and 5.3, it is shown that the relationship of the
computing time involved with the number of processors used is nonlinear. The more processors
used, less computing time is needed. Note from Table B that the difference of CPU times for the
4- and 8- node calculations is quite large. However, for the 8- node and 30-node calculations the
differenceisrelatively small.

In Tables 5.2 and 5.3, the elapsed time for each STAR-CD calculation is included. This time
represents the clock time needed for the numerical simulation, including times for computation,
data exchanges, and waiting time when the system was used by other users.

Computing performance, defined by ratio of real time and the computer time, for transient
caculations using 1, 4, 8, and 30 nodes (processors) are given in Table 5.4. The performance
curve based on the CPU time is shown in Fig. 5.3.

53 Remarkson Initial Perfor mance Evaluations

It is noted that in the second set of the transient calculation, the numerical solution covers only
0.032 sec real time. For atypical radiator transient of 15 minutes, such as climbing a long steep
dope, the CPU time for a full transient calculation would be extremely large even using the
paralel machine. This points to the need for the use of the quasi transient methods which have
been devel oped during this work and are described in Section 6.



Table5.1. STAR-CD Steady State Analysis of Radiator Experiments

Outlet STAR-CD
MassFlow | MassFlow | Inlet Temp Outlet Inlet Temp Temp STAR-CD Coolant
Coolant Air Air Temp Air Coolant Coolant Air Toy Tout No. of CPU Time
Run (kgls) (kgls) (°C) (°C) (°C) (°C) (°C) (°C) Processors (sec) File Name
1 05 331 25.43 32.69 80.49 67.32 31.82 68.32 2 23,193 mirbl
2 25 3.32 26.58 45.59 80.13 73.08 45.48 73.15 16 3,255 mirtestg
3 35 3.32 26.37 47.43 80.18 74.60 47.71 74.51 4 3,855 mircl
4 25 3.32 26.58 45.59 80.13 73.08 43.76 73.79 16,282 mirtesth
Notes: (1) Runs 1, 2, 3 use UADAT in the hxinput.dat file.
()] Run 4 uses QDATA in the hxinput.dat file.
(©)] Touw iSthe outlet temperature calculated with the STAR-CD code.
4 For Runs 1 and 3, solutions converged at 495" and 354" iteration, respectively.

For both Runs 2 and 4, solutions converged at 582" jteration.




Table5.2. Comparison of Computing Times for Various STAR-CD Transient Calculations.

Computing Mode

No. of

Size of

CPU

CaseNo. Serig | Parale Time | TimeStep | Times Rgago TI_EIapsed Ratio | ko Name
(# Nodes) Steps (sec) (se0) ime(sec) | (SP)
1 S 20 0.0008 9,782 7.6 10,334 7.6 mlrt
2 P (4) 20 0.0008 1,280 1 1,353 1 mirp
3 S 40 0.0008 23,577 7.30 24,108 7.05 mlrt2
4 P (4) 40 0.0008 3,234 1 3,419 1 mirp2a




Table 5.3. Comparison of Computing Times for Calculations with Different Number of Processors.

CPU Time Elapsed Time
No. of No. of Size of Time ] _ .
CaseNo- | bt ocessors | Time Steps | Step (sec) | (s€0) | (hr) | Ratio | (sec) | (hr) | Ratio FileName
4 40 0.0008 3234 | 090 | 1376 | 3419 | 095 | 431 mlrp2a
8 40 0.0008 584 | 016 | 248 | 793 | 0.22 1 mlrp3
30 40 0.0008 235 | 0.065 1 794 | 0.22 1 mlrp4




Table 5.4. Comparison of Computing Performance for Various Transient Calculations

1)

2

©)

(4)

Q)

(6)

()

(8)

©)

Case No. of No. of Sizeof Time | Real Time| CPU Time | Performance | Elapsed | Performance
No. | Processors | TimeSteps | Steps(sec) (sec) (sec) (5)/(6) x 10° | Time | (5)/(8)x 10°
(sec)
3 40 0.0008 0.032 23,577 0.14 24,108 0.13
4 4 40 0.0008 0.032 3,234 0.99 3,419 0.94
5 40 0.0008 0.032 584 5.48 793 4.03
6 30 40 0.0008 0.032 235 13.62 794 4.03
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Fig. 5.3. Computing Performance for Transient Calculations.
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6. Description of new quasi-transient methodologies and models

This section describes the new quasi-transient method. which have been implemented in STAR-
CD during this work. A number of new models and software features necessary for the correct
calculation of transient events have also been developed and are described in this section.

6.1 Quas-transient methodologiesfor the study of extended thermal-hydraulic
transients.

It was shown in Section 5 that the use of conventional full transient calculatiors with STAR-CD
becomes quickly prohibitive for periods of time of interest, even if powerful paralel computer
are used. In this work we have developed two new quas-transient methodologies which allow
STAR-CD to calculate such extended transients using reasonable amount of CPU time with only
small losses of accuracy. These two methods are described below. Although they have been
studied independently in this preliminary work, they are complementary and it is likely that a
combination of the two approaches will be able to provide further improvements in
computational efficiency and accuracy.

6.1.1 Quas-transient methodology using a combination of thermal transients and
multiple steady state STAR-CD calculations.

This methodology is based on the fact that the time constants that characterize the air and coolant
flow field changes are much shorter than the heat transfer time constants. When modeling a
thermal- hydrodynamic transient with STAR-CD the time steps are limited to very small values,
in the range of 0.001 s, due to numerical stability requirements, as shown in Section 5. If,
however, the velocity fields are kept constant and only the temperature fields are updated, we
can advance the solution using much longer time steps, in the order of 1 s, because of much less
stringent stability limitations imposed by the energy conservation equations. The velocity fields
can then be updated periodically, by performing a steady state calculation at intervals dt_ss
which depend on the rate of change of the coolant and air flow rates and the desired accuracy of
a selected calculated quantity. The procedure for the selection of the next dt_ss time interval is
outlined below.

In this work we focused our attention on the accuracy of the coolant outlet temperature Tcool,
requiring that over the selected time interval:

Tcool(calc)-Tcool(actual) < dTcool _error_max (6.2)
Where:

Tcool(calc) - Coolant outlet temperature calculated using the flow rate which remains
constant over the time step, in K

Tcool(actual) - Coolant outlet temperature calculated using the actual flow rate, which
varies over the time interval, in K

dTcool_error_max - specified maximum error in the coolant outlet temperature, in K
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For an experiment where the inlet air flow Qair changes:
Tcool = Tcool(Qair) (6.2)

By further assuming a linear behavior over the time interval, i.e. neglecting the higher order
derivatives, we obtain:

dTcool(dt_ss) = dTcool/dQair * dQair/dt * dt_ss (6.3
Where:

dTcool(dt_ss) = coolant outlet temperature change during the time step due to changesin
the air flow rate, absolute value in K

dTcool/dQair = rate of change of coolant outlet temperature with air flow rate, absolute
value obtained from experimental data, in K/(Kg/s)

dQ(air)/dt_ss = rate of change of air flow rate with time, assumed constant during the
time step, absolute value obtained from experimental data, in (Kg/s)/s

dt_ss = time step to the next steady dtate, in's

The value dTcool(dt_ss) obtained from equation 6.3 represents the expected maximum error we
would be making in the steady state calculation of Tcool using the value of Qair at the end of the
time step.

Comparing equations 6.1 and 6.3 we obtain the maximum value of dt_ss that ensures the
required accuracy in the calculation to Tcool:

dt_ss max = dTcool_error_max / [dTcool/dQair * dQair/dt] (6.4)

The use of equation 6.4 automatically increases the time intervals between steady state
calculations when the air flow rate change. The time step dt_ss max is larger when the time
changes in the air flow rate, measured by dQair/dt are small, and decreases when the changes in
the ar flow rate increase Similar considerations can be used to determine dt_ss max when
Qcoolant changes occur during the transient.

We can increase the time step by using an average air flow rate Qair_average(dt_ss) over the
time step. With the assumption of linear changes over the time step, the maximum time step is
given by::

dt_ss max =dTcool_error_max /[0.5* dTcool/dQair * dQair/dt] (6.5
The method used for quas-transient calculations involves the following steps:

a An initial steady dtate calculation that determines the initial velocity and
temperature fields for both air and coolant;
b. Determine the time of the next steady state calculation using the approach
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outlined above;

C. Determine the average coolant and air flow rates for the selected time interval
dt_ss;
d. If either the coolant or air average flow rate determined in c above is different

from the flow rate used in the previous steady state calculations, perform a new
steady state calculation adjusting the flow rates to the average values over the
time interval dt_ss, but keeping the temperature fields unchanged;

e Perform a transient thermal calculation using time steps in the order of 1 s, that
updates the temperature fields only, but keeps the velocity fields unchanged;
f. Check if the end of the transient has been reached. If not, repeat steps b through d.

Results obtained using this method are presented in Section 7. It is shown that the desired
accuracy can be obtained within a reasonable computational time. The use of the new heat
exchanger input option UCDAT, described in Section 8, is necessary when analyzing transients
that involve changes in the coolant flow rate. The use of this new option alows the user to
specify the radiator performance curves for various values of the coolant flow rate, and then call
the appropriate new heat transfer routines hxmthd32 and hxmthd33 described in Section 8 to
determine the heat transfer coefficients. No attempt has been made in this pilot project to
automate the sequence of thermal transients and steady state cal culations required by the method.
It is recommended that such an automatic procedure, including the determination of the time
steps between consecutive steady state calculations, be developed and implemented in STAR-CD
as part of afuture effort.

6.1.2 Quas-transient methodology using a velocity field similarity assumption.

A second quasi-transient methodology developed during this work is based on the assumption
that changes in inlet coolant and/or air flow rates lead to proportional changes in the
corresponding velocity fields. This assumption allows a more accurate modeling of the transient
phenomena than does the first method described in Section 6.1.1. Two effects related to changes
in the air or coolant flow rate are modeled in the new heat transfer routines hxmthd32 and
hxmthd33: a) the changes in the heat transfer coefficients due to changing flow rates and b) the
effect of changing flow rates on fluid temperature changes.

To use this method the user must specify the option UCDAT, described in Section 8, as well as
the key words TRANC (for coolant flow rate transients) and TRANA (for ar flow rate
transients) in the heat exchanger input file. The new heat transfer routines hxmthd32 or
hxmthd33 determine each time step the ratio of the current air and coolant flow rates to the initial
respective values. This factor is then used to determine the local current velocities, by
multiplying the initial values determined during the steady state calculation. The local current
velocities are used to determine the correct heat transfer coefficients. These coefficients are used
to determine the heat flux exchanged between the coolant and air during each time step and is
passed on to the STAR-CD solver for use in finding the hydrodynamic solution during the next
time step. Because we are not changing the actual velocity fields during the quas-transient
calculation, the heat transfer routines must adjust the heat flux to account for the air and coolant
flow rate changes. To achieve this, the heat flux transferred to the coolant is obtained by dividing
the calculated heat flux by the current coolant flow rate factor. Similarly, the heat flux
transferred to the air is obtained by dividing the calculated heat flux by the current air flow rate
factor.
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Results obtained using this approach are illustrated in Section 7 and appear to capture very well
the transient effects related to coolart and air flow rate changes, while avoiding prohibitively
lengthy full hydrodynamic transients. Future work should explore the flow rate changes and flow
configuration over which the velocity similarity assumption remains valid. A more complex
strategy will be needed for flow configurations which contain multiple independent inlets for the
same fluid. Itislikely that a combination of the similarity quasi-transient approach with the first
method described in Section 6.1.1 will be necessary for extended transients involving large flow
rate changes. Such a combined method, to be explored in future work, could use the similarity
guas-transient approach combined with periodic steady state calculations which would update
the velocity fields when the velocity similarity assumption might become questionable.

6.2  Effect of Radiator Masson Transient Effects
The STAR-CD heat exchanger models do not explicitly account for the effect of the radiator
mass during thermal transients. During this work we developed a preliminary approach which
allows the modeling of these effects. This was achieved by introducing a new array - tmeta -
which contains the current temperature of the radiator metal in each radiator cell. The user must
define the metal properties - specific heat, conductivity, smeared density - in the heat exchanger
input file, as described in Section 8. The radiator metal effects are considered in the new heat
transfer routine hxmthd33 which is called if the input smeared density RHOM s greater than O.
This routine is called first during the steady state calculations to determine the initia metal
temperature in each radiator cell. Thisis achieved by calculating the components of the total heat
transfer coefficient in the new routine calual4:
1/Htot = 1/Hc + /Hm + 1/Ha (6.6)
Where:
Htot = total heat transfer coefficient, in J(m2*K)
Hc = coolant side heat transfer coefficient, in J(m2*K)
Hm = metal heat transfer coefficient, in J(m2*K)
Ha = air side heat transfer coefficient, in J(m2*K)
The heat transfer coefficient between coolant and metal is then calculated from:
1/Hem ss=1/C* (/Hc + 2/Hm) (6.7)
Where:
C = Htot_ss/ Htot is a scaling factor, that accounts for the fact that Htot obtained from
eguation 6.6 may be different from the Htot_ss, the actual total heat transfer coefficient

determined from the performance curves and used in the heat exchanger model

Htot ss = tota heat transfer heat transfer coefficient, obtained from the radiator
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performance curves
The steady state metal temperature is then calculated as:
Tmetal(i) = Tcool(i) - [Tcool(i)-Tair(i)] * Htot_ssyHcm_ss (6.8)
Where:
Tmetal (i) = metal temperature in radiator cell i
Tcool(i) = coolant temperature in radiator cell i, calculated by STAR-CD
Tair(i) = air temperature in radiator cell i, calculated by STAR-CD
The Tmetal values are saved in afile at the end of the steady state calculations and will thus be
available for the following transient calculations. At the beginning of the transient calculations,
the key word TRANM must be specified in the heat exchange input file, in addition to having a
positive value for the key word RHOM. Thiswill cause the Tmetal values to be read from file in
the routine hxinitl. The changes in the metal temperature during transients are calculated in the
routine hxmthd33 using a quasi transient approach, which assumes that the heat transfer between
the coolant and metal has reached a steady state consistent with the heat flux obtained from the
performance curves. This approach was used in this preliminary implementation to avoid
potential temperature instabilities due to the low thermal inertia of the metal, high heat transfer
coefficients between the coolant and the metal and relatively long time steps. An initial attempt
to perform a full transient metal calculation using an explicit method has led to numerical
instabilities, indicating the need for a more implicit approach that should be explored in future
work. During transients, the new metal temperature is calculated using equation 6.8. The
volumetric heat flux associated with the change in radiator metal temperature is calculated from:
Hmetal = [Tmetal(i) - Tmetal_old(i)] * cp_metal * rho_metal / dt (6.9
Where:
Tmetal(i) = New metal temperature in radiator cdl i, in K
Tmetal_old(i) = Previous time step metal temperaturein cell i, in K
cp_metal =metal specific heat in J(Kg*K)
rho_metal = metal density, smeared over the cell i volume, in Kg/m3

dt = thermal transient time step, in sec

The value Hmetal calculated with equation 6.9 is then used to modify the volumetric heat flux
transferred to the air side thermal calculation:

Hair_meta = Hair — Hmetal (6.10)
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Where:

Hair_metal = Vulumetric heat flux transferred to the air, adjusted for the metal thermal
effect, in J(s*m3)

Hair = Volumetric heat flux transferred to the air using the standard steady state
equilibrium assumption used by the STAR-CD heat exchanger model, in J(s*m?3)

The volumetric heat flux used in the coolant energy conservation equation is not modified in the
current implementation. This approach provides a reasonable approximation for the two cases
studied, i.e. increasing coolant temperature and increasing air flow rate and was used to evaluate
the impact of the radiator thermal inertia during thermal transients as shown in Section 7. In
future work this approximate procedure should be replaced by a full transient calculation of the
metal temperature. Furthermore, the Tmetal array should be made part of the STAR-CD data
structures which are saved for restarts and decomposed for parallel computing platforms. The
current implementation has been developed for and tested on two processors only.

7. Experiment Analysis Results

This section describes the results of STAR-CD analyses of the radiator transient experiments
described in Section 3. The experiments were performed by DaimlerChrysler Corporation and
the data was provided by Adapco and DaimlerChryder in Excel format. We selected three
experiments that were used to validate the new methods and models. All the calculations are
done with STAR-CD using the radiator model described in Section 4.

7.1  Experiment Changing thelnlet Coolant Temperature (02068026)

Figure 7.1 shows the experimental data that our calculation is trying to match. The air inlet flow
rate (Vain), coolant inlet flow rate (Vcin), and air inlet Temperature (Tain) were held constant.
The coolant inlet temperature (Tcin) was stepped up every 3 minutes. The average air outlet
temperature (Taout) and average coolant outlet temperature were measured. Our analysis using
the new methods and models are comparing the outlet coolant and air temperatures, calculated
using the prescribed inlet temperatures and flow rates, with the corresponding experimental data.

We did three different calculations using the data from this experiment. In all cases we
performed a single initial steady state calculation, solving both the flow and temperature fields.
Because the flow rates do not change in this experiment, a single transient run from O to 891
seconds, solving only the temperature fields followed the initial steady state.
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Figure 7.1: Experimental Temperatures & Flowrates (02068026)
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For the steady state run the following parameters were used:

Coolant Air
Temperature, °C 60. 23.6
Flow rate, kg/s 2.03 1.0
Specific Heat, Jkg°C 3518.92 1007.0
Density, kg/m**3 1048.38 1.164

During the transients the inlet coolant temperature was changed as a function of time. The results
of the calculations are described below and illustrated Figure 7.2. A more detailed view of the
same results during the first 200 seconds of the experiment is shown in Figure 7.3.

7.1.1 Runusing UADAT Input Option

This run used the original heat exchanger model that was developed at Adapco. None of the new
models developed during this work was used in this analysis, and the goal was to evaluate how
well the base verson of the STAR-CD performs in a case where transient coolant inlet
temperatures are present. The calculated coolant outlet temperatures are in good agreement with
the experimental measurements. The calculated coolant temperature increase is dightly delayed
compared to the measured data, as shown is Figure 7.3. The calculated air outlet temperatures are
in reasonable agreement with the experimental data. The initial steady state calculated vaue is
1.85 C higher than the measured corresponding value. As shown in Fig. 7.2, the calculated air
outlet temperature remains higher than the measured values throughout the experiment, but it
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gradually approaches the measured value toward the end of the experiment. The clculated air
outlet temperature increase occurs about 10 s earlier than the measured increase, as illustrated in
Figure 7.3.

The following input file for the radiator model (hxinput.dat) was used for this run.

TINA
PARALLEL 296.75
NAME (of the heat exchanger) CPC
RADIATOR 3518.92
METHOD (1,2,3) CPA
3 1007
ATYPE RHOA
20 0.3277824
0 XMC
CTYPE 2.
10 URFQ
0 1.0
AUTYPE URFT
21 1.0
ADTYPE UADAT
2 0.10,100.0
CUTYPE 0.50,430.0
11 0.90,630.0
CDTYPE 1.31,750.0
12 1.71,850.0
NACS 2.11,920.0
2368 2.51,990.0
NHXC 2.91,1040.0
64 3.32,1080.0
NHXA 0.0,0.0
6 ISTART
TINC 1
333.15

7.1.2 Run using UCDAT Input Option

This run was identical to the UADAT described above, except that the new UCDAT option for
the heat exchanger model was used. This new capability, described in Section 8, allows the use
of radiator performance curves for multiple coolant flow rates and uses linear interpolation
between the various performance curves. While this option is important for transients where the
coolant flow rate changes, it was not required in the analysis of this test. The goa of this run was
to verify that the new option UCDAT gives similar results to the UADAT option when the
coolant flow rate remains constant. As illustrated in Figures 7.2 and 7.3 the results obtained
using the UCDAT option are ailmost identical for both the coolant and air outlet temperatures.
The following input file for the radiator model (hxinput.dat) was used for this run.
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PARALLEL
NAME (of the heat exchanger)
RADIATOR
METHOD (1,2,3)
3
ATYPE
20

0
CTYPE
10

0
AUTYPE
21
ADTYPE
2
CUTYPE
1
CDTYPE
12

NACS
2368
NHXC
64

NHXA

6

TINC
333.15
TINA
296.75
CPC
3518.917
CPA
1007
URFQ
1.0
URFT
1.0
AREAA
0.2816
AREAC
0.00792

UCDAT

0.50
0.10,292.92,353.43,90.0
0.50,291.86,353.54,270.0
0.90,292.63,353.43,330.0
1.31,294.40,353.38,370.0
1.71,295.25,353.47,390.0
2.11,296.27,353.63,400.0
2.51,296.96,353.59,410.0
2.92,297.75,353.66,420.0
3.31,298.58,353.64,430.0
0.0,0.0,0.0,0.0

1.50
0.10,293.80,353.16,100.0
0.50,292.27,353.38,410.0
0.90,293.31,353.39,580.0
1.31,294.72,353.34,690.0
1.71,296.07,353.33,770.0
2.11,297.05,353.32,830.0
2.51,298.15,353.31,880.0
2.91,298.91,353.29,920.0
3.31,299.73,353.28,960.0
0.0,0.0,0.0,0.0

250
0.10,293.80,353.16,90.0
0.51,292.27,353.38,450.0
0.91,293.31,353.39,660.0
1.31,294.72,353.34,800.0
1.71,296.07,353.33,900.0
2.11,297.05,353.32,990.0
2.51,298.15,353.31,1060.0
2.91,298.91,353.29,1130.0
3.32,299.73,353.28,1180.0
0.0,0.0,0.0,0.0

3.50
0.10,294.59,353.32,100.0
0.51,292.54,353.42,460.0
0.90,293.40,353.43,690.0
1.31,294.42,353.38,850.0
1.71,295.65,353.37,970.0
2.11,296.98,353.37,1070.0
2.51,297.94,353.37,1160.0
2.91,298.73,353.32,1230.0
3.32,299.52,353.33,1300.0
0.0,0.0,0.0,0.0

0.0

ISTART

1
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7.1.3 Runusing Metal M odel

This run takes into account the thermal inertia of the metal in the radiator. The results illustrated
in Figure 7.2 show that accounting for the radiator thermal inertia has delayed the air outlet
temperature increase, bringing the results closer to the measured values. However, the coolant
outlet temperature increase has aso been delayed, degrading the agreement with the
experimental data. As mentioned in Section 6.2, the preliminary metal therma inertia model
implemented in this pilot project is approximate, and both a more exact implementation and
further study of the transient effects of this model will be needed in the future. This run was
terminated at t=393 s, due to a computational problem encountered by the STAR-CD solver. It
was not clear if the problem was related to the new metal model, as the coolant and air
temperatures remained stable throughout the calculation asillustrated in Figure 7.2. The cause of
the problem will have to be investigated after the full implementation of the metal models in
future work, if it persists. The modified radiator model including the metal models described in
Section 6.2 was used, which needed additional input variables. The following input file for the
radiator model (hxinput.dat) was used for this run.
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PARALLEL
NAME(of the heat exchanger)
RADIATOR
METHOD (1,2,3)
3
ATYPE
20

0
CTYPE
10

0
AUTYPE
21
ADTYPE
22
CUTYPE
1
CDTYPE
12

NACS
2368
NHXC
64

NHXA

6

TINC
333.15
TINA
296.75
CPC
3518.917
CPA
1007
URFQ
1.0

URFT

1.0
AREAA
0.2816
AREAC
0.00792

UCDAT

0.50
0.10,292.92,353.43,90.0
0.50,291.86,353.54,270.0
0.90,292.63,353.43,330.0
1.31,294.40,353.38,370.0
1.71,295.25,353.47,390.0
2.11,296.27,353.63,400.0
2.51,296.96,353.59,410.0
2.92,297.75,353.66,420.0
3.31,298.58,353.64,430.0
0.0,0.0,0.0,0.0

1.50
0.10,293.80,353.16,100.0
0.50,292.27,353.38,410.0
0.90,293.31,353.39,580.0
1.31,294.72,353.34,690.0
1.71,296.07,353.33,770.0
2.11,297.05,353.32,830.0
2.51,298.15,353.31,880.0
2.91,298.91,353.29,920.0
3.31,299.73,353.28,960.0
0.0,0.0,0.0,0.0

250
0.10,293.80,353.16,90.0
0.51,292.27,353.38,450.0
0.91,293.31,353.39,660.0
1.31,294.72,353.34,800.0
1.71,296.07,353.33,900.0
2.11,297.05,353.32,990.0
2.51,298.15,353.31,1060.0
2.91,298.91,353.29,1130.0
3.32,299.73,353.28,1180.0
0.0,0.0,0.0,0.0

350
0.10,294.59,353.32,100.0
0.51,292.54,353.42,460.0
0.90,293.40,353.43,690.0
1.31,294.42,353.38,850.0
1.71,295.65,353.37,970.0
2.11,296.98,353.37,1070.0
2.51,297.94,353.37,1160.0
2.91,298.73,353.32,1230.0
3.32,299.52,353.33,1300.0
0.0,0.0,0.0,0.0

0.0

ATUBE
0.000036
PTUBE
0.072
TTUBE
0.00022
CPM
961.4
XKM
225.0
RHOM
1000.0
AMATER
1
CMATER
2

ISTART

1

TRANM
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Figure 7.2: Outlet Temperatures (02068026)
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Figure 7.3: Outlet Temperatures (02068026)
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1.2

Experiment that changed only the air inlet flow rate (02068022)

During this experiment the coolant inlet flow rate (Vcin) was held constant while the air inlet
flow rate was changed as a function of time. Figure 7.4 shows the experimental data recorded
during the experiment, which lasted approximately 700 s. The data indicates that the inlet
temperatures (Tain and Tcin) aso changed dlightly during the experiment. Our analysis
compared the calculated the average air outlet temperature (Taout) and average coolant outlet
temperature (Tcout) with the corresponding measured values. We performed three separate
analyses of this experiment, described below in Sections 7.2.1-7.2.3. The results of these
analyses are shown in Figure 7.5. A more detailed view of the results during the first 200 s of the
experiment are shown in Figure 7.6.
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Figure 7.4: Experimental Temperatures & Flowrates (02068022)
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For the steady first state run the following parameters were used:

800

Flowrate, kg/s

—A—Tain
Tcin
—a— Taout
Tcout
—a—Vain
—&a—\cin

Coolant Air
Temperature, °C 80.3 22.6
Flow rate, kg/s 2.002 1.030585
Specific Heat, Jkg°C 3595.1 1007.0
Density, kg/m**3 1034.42 1.164

-29-




The hxinput.dat file shown in Section 7.1.2 was modified by changing these lines:
TINC
353.45
CPC
3595.1

7.2.1 Runusing Quas Transient Multiple Steady State M ethod

In this analysis we used the quasi transient multiple steady state method described in Section
6.1.1. The problem time was divided into segments, which are calculated by individual Star-CD
runs, as summarized in Table 7.1. The problem was executed on the RAE Linux cluster
computer, using 8 processors.

Table 7.1
time CPU | Iter. | Time/ | Inlet Air | Description
S time iter Flow Rate
S kg/s
0| 6604| 558 11.8 1.03 | Steady state that calculated both flow &
temperature
1-148 420 | 148 2.8 1.03 | Transient that calculated only temperature
148 | 1126| 163 6.9 2.114 | Steady state that calculated flows only
149-159 33.6 11 3.05 2.114 | Transient that calculated only temperature
159 | 1159 155 7.5 3.005 | Steady state that calculated flows only
160-402 699 | 243 2.9 3.005 | Transient that calculated only temperature

All the transient runs used time steps of 1 second and did not calculate flow rate changes. The
initial steady state run calculated both the flow and temperature fields, while subsequent steady
state runs were used to update the flow fields, leaving the temperature fields unchanged.

In this run we focused on modeling the first air flow rate change, which was divided into 2 equal
time steps. A steady state was run at the beginning of each time interval, changing the inlet air
flow rate to the value corresponding to the end time of the step. As shown in Table 7.1, the first
isothermal steady state was run at 149 s, changing the air flow rate from 1.03 Kg/sto 2.114 Kg/s.
The second isothermal steady state was run at 159 s, changing the inlet air flow rate from 2.114
Kg/sto 3.005 Kg/s, the value at the end of the air flow rate change.

As shown in Figure 7.5, the calculated coolant outlet temperatures are in good agreement with
the experimenta values during the step change in the air flow rate. The effect of the two steady
state changes can be clearly seen in the step structure of the coolant outlet temperature change.
The agreement between the calculated air outlet temperature and the measured datais also good,
but some oscillations can be seen in the calculated results at the time of restarts after the
isothermal steady state runs. Whenever we restarted STAR-CD, it took severa iterations to
stabilize. The cause for these oscillations will have to be investigated in future work. They may
be caused by the restart procedure and may be eliminated if STAR-CD were modified to
automatically switch from steady state to transient mode without the user having to stop and
restart the calculation. The differences between the computed and measured coolant and air
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temperatures during the transient can be further reduced by increasing the number of steady state
runs during the rapid air flow rate change period, using the procedure outlined in Section 6.1.1.
E.g., by performing 3 steady state calculations instead of two during the air flow rate change (at
times 148 s, 159 s, and 169 s) which adjust the air flow rate to the average value during the step
(1.57 Kg/s, 2.56 Kgls, and 3.005 Kg/s respectively) the differences shown in Fig. 7.5 could be
reduced by afactor of 2.

The total number of STAR-CD iterations (or steps) needed to calculate 402 s of experiment time
was 1278, requiring a total of 10,041 s of CPU time when using 8 processors. A substantial

amount of effort and time was required to manually schedule the sequence of steady state and
transient runs outlined in Table 7.1. Future work should focus on automating this procedure and
allowing the user to control it through the STAR-CD user interface.

7.2.2 Runusing Quas Transient Flow Similarity Method

In this analysis we used the quas transient flow similarity method described in Section 6.1.2.
This method alow the use of extended STAR-CD isothermal transients which can se relatively
long time steps and accounts for changes in the coolant and air flow rates through changes
implemented in the heat exchanger model during this work. This analysis used the same steady
state run from the Section 7.2.1, followed by a single isothermal transient run from 0 to 694
seconds.

The hxinput.dat file was modified in the transient run to append the following lines, which
activate the new models relevant for the quasi transient velocity similarity method:

TRANA
TRANC

The results obtained using this method agree well with the experimental data, as illustrated in
Figure 7.5. The computed coolant outlet temperature changes are in close agreement with the
measured corresponding values. The small delay of the calculated coolant temperature decrease
(approximately 2 s) appears to be due to a delay in the measured air flow rate change. A close
examination of the measured data found that the air inlet flow changes start approximately 2
seconds later than the outlet temperatures. After consultations with the DaimlerChryder
experimentalists, it was concluded that the air flow rate data is probably delayed by
approximately 2 seconds due to the air flow meter response characteristics. This points to the
need for a closer examination of the instrument ation response characteristics during transients in
future work. The agreement between the calculated and measured air outlet temperatures is aso
quite good when using this method, although some discrepancies are observed at the end of both
the air temperature decrease and increase periods. These discrepancies are similar to those
observed when using the multiple steady state method described in Section 7.2.1 and thus are not
likely to be due to the use of the velocity similarity method. The causes of these discrepancies
will have to be examined in future work.

The CPU time needed for the transient part of this run using 8 processors was 2003sec for 694
time steps (694 s experiment time), for an average 2.89 seconds (CPU)/ seconds (experiment).
This number can be compared to the multiple steady state run performance, which required a
total of 3437 s to cover the first 402 s of the transient, for an average 8.55 seconds (CPU) /
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seconds (experiment). The velocity similarity method provides both better agreement with the
experimental data and better computational performance than the multiple steady state approach.
Furthermore, this method can be used in STAR-CD without additional development effort,
although some additional research to determine its characteristic response and limitations is
highly recommended.

7.2.3 Runusing Metal M odel

In this analysis the new metal therma inertia model was included while using the Quas
Transient Velocity similarity method described in Section 7.2.2. Due to the limitations of the
preliminary metal model implementation described in Section 6.2, this run was executed on 2
processors. It required both new steady state and transient calculations. The goal was to evaluate
the effect of the metal thermal inertia on the computed results. The results illustrated in Figures
7.5 and 7.6 show little difference between the outlet air and coolant temperatures calculated with
the metal model and without it. These results are consistent with the nature of the transient
experiment and the current implementation of the metal thermal inertia modd. It is
recommended that they should be reviewed in future work, after the implementation of a fully
transient metal temperature calculation.
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Figure 7.5: Output Temperatures (02068022)
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Figure 7.6: Output Temperatures (02068022)
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7.3  An experiment that changed only the coolant flow rate (02068024)

During this experiment the air inlet flow rate (Vain) was held constant while the coolant inlet
flow rate (Vcin) was changed as a function of time. Figure 7.7 shows the experimental data
recorded during the experiment, which lasted approximately 500 s. The data indicates that the
inlet temperatures (Tain and Tcin) changed little during the experiment. It is noted that the first
rise of the measured coolant outlet temperature exhibits some unusual features, reaching the
maximum value well before the coolant flow rate and then oscillating before settling down. This
may be indicative of a problem related to the temperature probe response. Our analysis compared
the calculated the average air outlet temperature (Taout) and average coolant outlet temperature
(Tcout) with the corresponding measured values. We performed two separate analyses of this
experiment, described below in Sections 7.3.1-7.3.2. The results of these anayses are shown in
Figure 7.8. A more detailed view of the results during the first 200 s of the experiment are shown
in Figure 7.9.

Figure 7.7: Experimental Temperatures & Flowrates (02068024)
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For the steady first state run the following parameters were used.

Coolant Air
Temperature, °C 80.05 21.34
Flow rate, kg/s 1.097 1.006
Specific Heat, Jkg°C 3594.3 1007.0
Density, kg/m**3 1034.6 1.164




The hxinput.dat file was modified from the previous experiment by changing these lines:
TINC
353.2
TINA
294.49
CPC
3594.3

7.3.1 Runusing Quas Transient Multiple Steady State Model

In this analysis we used the quasi transient multiple steady state method described in Section
6.1.1. The problem was divided into segments, which are calculated by individual Star-CD runs,
as summarized in Table 7.2. The problem was executed on the RAE Linux cluster computer,
using 8 processors.

Table 7.2
Time CPU | Iter. | Time/ Inlet Description
S time iter Coolant
S Flow Rate
kg/s
0| 7569 629 12.0 1.001 | Steady state that calculated both flow &
temperature
1-138 526 | 138 3.8 1.001 | Transient that calculated only temperature
138| 5518| 499 | 11.06 1.699 | Steady state that calculated flows only
139-144 17.6 6 2.93 1.699 | Transient that calculated only temperature
144| 6003| 540( 11.12 2.397 | Steady state that calculated flows only
145-151 22.7 7 3.24 2.397 | Transent that calculated only temperature
151| 4449| 406| 10.96 3.0 | Steady state that calculated flows only
152-353 664 | 202 3.3 3.0 | Transient that calculated only temperature

All the transient runs used time steps of 1 second and did not calculate flow rate changes. The
initial steady state run calculated both the flow and temperature fields, while subsequent steady
state runs were used to update the flow fields, leaving the temperature fields unchanged.

In this run we focused on modeling the first coolant flow rate change, which was divided into 3
time steps, with approximately equal changes in the coolant flow rate of 0.7,0.7,0.6 Kg/s
respectively. A steady state was run at the beginning of each time interval, changing the inlet
coolant flow rate to the value corresponding to the end time of the step. As shown in Table 7.2,
the first isothermal steady state was run at 138 s, changing the air flow rate from 1.001 Kg/s to
1.699 Kg/s. The second isothermal steady state was run at 144 s, changing the inlet air flow rate
from 1.699 Kg/s to 2.397 Kg/s. The third isothermal steady state was run at 151 s, changing the
inlet air flow rate from 2.397 Kg/sto 3.0 Kg/s, the value at the end of the coolant flow rate ramp.

As shown in Figure 7.8, the calculated coolant outlet temperatures are in good agreement with
the experimental values during the step change in the air flow rate, although the rate of increase
of the measured data is higher. The calculated coolant temperature increase follows closely the
coolant flow rate increase and, as mentioned above, it is possible that the more rapid increase of
the measured coolant outlet temperature is due to the temperature probe response. The effect of
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the three steady state changes can be clearly seen in the step structure of the coolant outlet
temperature change. The agreement between the calculated air outlet temperature and the
measured data is reasonably good, but some oscillations can be seen in the calculated results at
the time of restarts after the isothermal steady state runs. Whenever we restarted STAR-CD, it
took several iterations to stabilize. The cause for these oscillations will have to be investigated in
future work. They may be caused by the restart procedure and may be eliminated if STAR-CD
were modified to automatically switch from steady state to transient mode without the user
having to stop and restart the calculation. The air outlet temperature calculated by the initial
steady state calculation is seen in Figures 7.8 and 7.9 to be about 2 C below the corresponding
experiment measurement, which suggests. At the end of the coolant flow increase period, the
calculated air temperature is higher than the experimental corresponding temperature by about
3.5 C. This temperature difference decreases in time, but the calculated air outlet temperature
remains higher than the measured value by about 2.5 C. A possible cause for these discrepancies
may be heat transfer coefficients which are not accurate enough for the steady state and transient
experiment conditions. Future work should investigate the reason for the discrepancies between
the calculated air outlet temperatures and measured data.

The total number of STAR-CD iterations (or steps) needed to calculate 353 s of experiment time
was 2427, requiring a total of 24,770 s of CPU time when using 8 processors. A substantial

amount of effort and time was required to manually schedule the sequence of steady state and
transient runs outlined in Table 7.2. Future work should focus on automating this procedure and
allowing the user to control it through the STAR-CD user interface.

7.3.2 Runusing Quas Transient Velocity Similarity Model

This analysis used the velocity similarity method to analyze the transient experiment with
variable coolant inlet flow rate. This run used the same steady state run as the analysis described
in Section 7.3.1 followed by a single transient run from 0O to 483 seconds.

The hxinput.dat file was modified in the transient run to append the following lines:
TRANA
TRANC

The results obtained using this method agree well with the experimental data, as illustrated in
Figure 7.8. The computed coolant outlet temperature changes are in close agreement with the
measured corresponding values, except for early rapid rise in the measured coolant temperature
which, as pointed out above, may be due to the temperature probe response. The agreement
between the calculated and measured air outlet temperatures is aso quite good when using this
method. The difference between the initial steady state calculate air temperature and the
measured value remains the same as described above in Section 7.3.1, as the two analyses shared
the same steady state. The air temperature increase follows the measured data closer that the
results presented in Section 7.3.1, but at the end of the coolant flow rate increase period the
calculated air temperature is higher than the measured value by about 1.5 C. This run was
terminated at step 416 of the transient with an error message from the STAR-CD solver. It is nhot
clear if this error is related to the new methods and models implemented in the heat exchanger
routines, as all heat exchanger results remain stable until the end of the calculation. The source of
this problem will have to be examined in future work, if it persists after the integration of the
new modelsin STAR-CD by Adapco staff.
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The CPU time needed for the transient part of this run using 8 processors was 769 seconds for
416 time steps (416 s experiment time), for an average 1.85 seconds (CPU)/ seconds
(experiment). This number can be compared to the multiple steady state run performance, which
required a total of 17201 s to cover the first 353 s of the transient, for an average 48.7 seconds
(CPU) / seconds (experiment). The velocity similarity method provides both better agreement
with the experimental data and better computational performance than the multiple steady state
approach, confirming the results presented in Section 7.2.2.
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Figure 7.8: Output Temperatures (02068024)
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8. Softwar e implementation

This section provides an overview of the software changes made in order to implement the
methods and models described in Section 6. During this work we obtained from Adapco a copy
the heat exchanger model source and all changes were made exclusively to the heat exchanger
model routines and common blocks. To activate the new features, the user must use the key word
MTHD with vaue 3 and the key word UCDAT, described below, in the heat exchanger input
file. The new methods and models affect the rest of the STAR-CD calculations mainly by
modifying the values of the volumetric heat sources qsrchx passed from the heat exchanger
model to the coolant and air energy equations, which are solved by the STAR-CD solver.

8.1 New UCDAT option

A new option UCDAT has been implemented in the modified routine hxinitl that allows the
input of multiple coolant flow rates and corresponding radiator heat exchange performance
curves. This option is necessary for transient calculations where the coolant flow canchange. A
previous option, QDATA, alows the input of heat transfer coefficients for multiple pairs of
coolant and air flow, and calculates the heat transfer coefficients using a surface fitting method.
As mentioned in Section 5, this approach does not ensure that the correct heat transfer values are
retrieved for al values on the performance curves. The new option is requested with the key
word UCDAT, followed by a coolant flow rate value and a set of ar flow values and
corresponding heat transfer coefficients. A line beginning with a 0.0 for the air flow rate
indicates the end of the current coolant flow rate data, and should be followed by the next
coolant flow rate value. A line beginning with 0.0 for the coolant flow rate indicates the end of
data for the UCDAT option. The UCDAT option also sets the new flag mcflag=1. This flag is
used later in the modified heatex routine to determine which heat transfer routines should be
called, as explained in the next section. The UCDAT option also sets the option mthopt=3. This
value is used in the new heat transfer routines to calculate the heat transfer coefficient using the
correct values of the coolant and air flow, by caling the new routine ualocal5. The routine
ualocal5 calculates the local heat transfer coefficient by linear interpolation between the
performance curves for various coolant flow rates, ensuring that the calculated heat transfer
coefficients are in agreement with the input data.

8.2 New heat transfer routines

Two new heat transfer routines have been developed, using the routine hxmthd3 as starting
point. The new routine hxmthd32 is called for transient calculations where the effect of the
radiator thermal inertia is neglected, while the new routine hxmthd33 is called when the the user
wants to study the effect of the radiator metal mass on transient effects. The decision to call the
new routines is made in the modified heatex routine. On the branch mthd=3, if the flag mcflag=1
then one of the new heat transfer routines is called. The decision to call hxmthd32 or hxmthd33
is based on the value of the flag imetal, discussed in section 8.4. Both hxmthd32 and hxmthd33
will calculate the current local coolant and air flow rates using the corresponding velocities
received from STAR-CD and then call the new routine ualocal5 to determine the correct local
heat transfer coefficient. This heat transfer coefficient is then used to calculate the volumetric
heat sources gsrchx(air) and gsrchx(coolant) whichare sent to the STAR-CD solver.
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8.3 Implementation of quasi-transient velocity similarity option

The use of the quas-transient velocity similarity methodology described in Section 6.1.2 is
requested using the key word TRANC for the variable coolant flow rate and TRANA for the
variable air flow rate. The use of the key word TRANC causes the modified routine hxinitl to
st the flag mtrcflag=1. Similarly, the use of the key word TRANA causes the modified routine
hxinitl to set the flag mtraflag=1. These flags are checked in the new heat transfer routines
hxmthd32 and hxmthd33, both of which implement the quasi-transient velocity similarity option.
Each time step, a coolant flow rate multiplier cmult_tr and an air flow rate multiplier amult_tr
are defined. The multipliers are set to 1.0 if the corresponding flag is not 1. Otherwise, the
multiplier is calculated using the new function radinp which receives the current time as an
argument and a second literal argument which indicates if the coolant or air flow rate multiplier
is needed. To use the function radinp the user must supply the input file radinp.csv, that
contains on each linge, the time, coolant inlet temperature, air inlet temperature, coolant inlet
velocity, and air inlet velocity. The coolant multiplier is then applied to all coolant velocities to
determine local coolant flow rate, and a similar approach is used to determine the loca air flow
rate. These adjusted flow rates are used to determine the local heat transfer coefficient, by calling
the new routine ualocal5 described in Section 8.1. It is noted that the actual local velocities
calculated by STAR-CD are not changed during this procedure. The heat transfer coefficient
adjusted for changes in the air and coolant flow rates is then used to determine the volumetric
heat fluxes gsrchx(air) and gsrchx(cool) used in the air and coolant energy conservation
equation solved by the STAR-CD solver. However, before sending these heat sources to the
STAR-CD solver, another important adjustment is made. Because the actual velocities used by
the STAR-CD solver have not been changed to reflect the transient flow rate changes, we adjust
the volumetric heat fluxes so that the STAR-CD solver will calculate the correct temperature
change for the transient flow rate. The volumetric heat flux gsrchx(air) is divided by the factor
amult_tr and gsrchx(cool) isdivided by cmult_tr before sending these values to the STAR-CD
solver.

84  Implementation of radiator thermal inertia models.
Severa new key words have been added to hxinitl routine which reads the heat exchanger input
file. These key words and the corresponding values must be added to the heat exchanger input
file:

CPM = metal specific heat, J(Kg*K)

XKM = metal conductivity, W/(m*K)

RHOM = metal smeared density, Kg/m3 (physical density smeared over the radiator cell
volume)

ATUBE = tube cross-sectional area, m2
PTUBE = tube perimeter, m

TTUBE = tube thickness, m
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While al these inputs are necessary, the metad models are activated when the value RHOM is
greater than 0. When this is the case, the modified routine hxinitl sets the flag imetal=1. This
flag is used in the modified heatex routine to determine which of the new heat transfer routines
iscaled. If imetal=1 the routine hxmthd33 which includes the radiator metal models is called,
otherwise heatex cals the routine hxmthd32. To indicate that a transient calculation is
performed using the metal option, the user must add the key word TRANM to the heat exchanger
input file. This will cause hxinitl to set the flag Ihtrans=1. The new heat transfer routine
hxmthd33 check the flag Ihtrans to determine if atransient or steady state calculation is needed.
Before leaving the routine hxmthd33, the metal temperatures are saved in a file. This is a
temporary solution, needed because the tmetal array is not yet part of the STAR-CD data
structures and thus is not automatically saved for restarts. The user must select the appropriate
name and path for this file before running the steady state or transient calculations. For restarts
that include the key word TRANM, indicating a transient, the hxinitl routine will try to read the
metal temperatures from a specified file. The user must make sure that the correct name, pointing
to the file created during the steady state or previous transient is specified in the hxinitl routine.
One other limitation caused by the fact that tmetal is not yet part of the STAR-CD data structures
is related to multiple processor calculations. The current implementation of the radiator thermal
inertia models has been developed and tested on two processors only. This limitation will be
removed in future work by including the array tmetal in the STAR-CD data structures which are
subject to the data decomposition and file management needed for parallel computing systems.

9. Conclusions

Thiswork has explored new strategies and devel oped models which extend the capabilities of an
existing established CFD code, STAR-CD, alowing the car manufacturers to analyze the impact
of transient operational events on the underhood thermal management by exploiting the
computational efficiency of modern high performance computing systems.

In particular, the project has focused on the CFD modeling of the radiator behavior during a
specified transient. The 3-D radiator calculations were performed using STAR-CD, which can
perform both steady-state and transient calculations, on the parallel computing system available
a ANL in the NE Division. The results of initial calculations, presented in Section 5, show that
performing conventional STAR-CD transient calculations over time intervals of hundreds of
seconds would require prohibitively large computing times, even on powerful parallel computing
platforms. Two quasi-transient computational strategies which require considerably shorter
computing times were developed to allow the modeling of transient phenomena over extended
time periods using STAR-CD. Several experiment analyses using radiator transient experimental
data provided by Adapco and DaimlerChrysler were performed in order to test and validate the
new quasi-transient methods and models. The results of these calculations have been compared
with the experimental data and the results presented in Section 7 indicate that both quasi-
transient strategies developed during this work provide results that are in reasonably good
agreement with the experimental data.

The quas-transient strategy based on velocity similarity assumption provides a good solution to
the modeling of transients involving both flow and temperature changes. Its implementation is
close to the find form, but future work should explore the validity limits for the velocity
similarity assumption when large flow changes occur in complex geometries or when multiple
independent inlet orifices are present for the same fluid. The quasi-transient strategy based on
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multiple steady state calculations also gave promising results, but its full implementation in
STAR-CD will require the automation of the procedure. Future work should develop an
automated procedure that will allow the user to request a quasi- transient calculation composed of
a sequence of steady state and transient calculations as described in Section 6. The user should
be able to specify the times of the steady state calculations, or allow the code to automatically
select these times. The possibility of combining elements of this strategy with the velocity
similarity strategy should also be explored. |.e., several steady state calculations could be
performed at selected time intervals when using the velocity similarity strategy, to adjust the
flow fields to current values if necessary.

Several new capabilities and models have been developed which directly support the modeling
of transient thermal- hydraulic phenomenawith STAR-CD. They include the ability to model the
thermal inertia effects of the heat exchanger mass and the ability to analyze transients that
involve coolant flow rate changes. The models involving the heat exchanger thermal inertia will
require future work, both in terms of implementation and model development. The data
gtructures necessary for this model should be included in the STAR-CD data structures and the
models should be refined and further validated as indicated in Section 6.

The results of this work open the way for the development of a STAR-CD based CFD tool for
the transient analysis of underhood thermo-hydrodynamic events, which will allow the integrated
transient thermal analysis of the entire cooling system, including both the engine block and the
radiator, on high performance computing systems.
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