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Phreatomagmatic Explosions and Heat Transfer
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SiO o = 50 wt%;
H 20 =1 W1°/o; 1100°C
10

mEEE~ I
SiOZ =70 wit%;
Ho O = 5 wi%; 900°C

V (steam after mixing) "V (initial steam)

RIE< T~
SiOo = 60 Wt%;
HoO = 3wt%; 1000°C

0 T T
0.00 0.01 0.02
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i

] o I
0.03 0.04 0.05

BE =V (water) 'V (magma + steam)
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Transport Phenomena in the Fire on the Fuel-Spilled Road
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Fig. 1 :Direct Photographs of Spreading Flame.
Beads Diameter; (A) 0.1 mm, (B)1.0 mm
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Flg- 2 Relationship between flame spread distance
and elapsed time with variation in beads diameter; the
mark exists 5 cm away from the ignition position at
one end of the tray; beads temperature 40 °C, hori-
zontal spread; fuel n-decane.
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Fig. 3 Effect of beads diameter on flame spread velo-
city in horizontal spread; fuel n-decane
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Fig. 4 Schematic diagram of fuel supply by capillary
rise effect to beads bed surface during flame spread
(a) upward and (b) downward.
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Fig. 5 Relationship between flame spread distance
and elapsed time with variation of surface inclination
angle; beads bed temperature 25 °C; beads diameter
0.2 mm; fuel n-decane.
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Fig. 7 Schlieren photograph of downward propa-
gating flame; inclination angle 15°, beads bed temper-
ature 35 °C, beads diameter 0.1 mm.
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Soak in the Porous Asphalt Road
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Fig. 14 : Summarized Process of Flame Behavior
on the Fuel-Soaked Porous Asphalt Road.
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Three Dimensional Simulations of
Fire Plume Dynamics

H.R. Baum, K.B. McGrattan and R.G. Rehm
(National Institute of Standards and Technology)

Abstract

The velocity and temperature fields of fire plumes are studied theoretically and computationally using the
authors’ large eddy simulation techniques. A version of the Navier-Stokes equations specialized to the
study of fire dynamics is used as the basis for the analysis. No empirical turbulence modeling parame-
ters are introduced into the computations. These simplifications permit high resolution solutions to the
three dimensional time dependent Navier-Stokes to be directly compared with experimental correlations
of both the time averaged and transient properties of an isolated vertical plume. Computed mean center-
line velocity and temperatures are shown to be in close agreement with McCaffrey’s correlations. The
methodology is then applied to the study of a large pool fire in an aircraft hangar with a complicated roof
geometry. A simple cell masking scheme permits the inclusion of the building geometry into the calcula-
tion without sacrificing computational efficiency. The plume structure in the hangar is compared with the
- isolated plume properties. The overall temperature distribution induced in the hangar is also presented.

KEYWORDS: Buoyant Convection, Computational Fluid Dynamics, Fires, Fire-Induced Flows, Plumes

1 Introduction

The fire plume is the single most important ob-
ject of study in fire science. It provides the radiant
energy source that generates the gasified fuel from
the condensed phase needed to sustain the fire. It
also serves as the heat pump which both entrains
air into the active combustion zone and then cir-
culates the combustion products through the sur-
rounding enclosure. It is the latter role that is of
interest here. Although the central role of the fire
plume has been recognized for some time, there is
still much uncertainty about the plume structure.
Indeed, Zukoski [1] gives a recent summary of the
state of knowledge of mass entrainment into iso-
lated fire plumes. There is clearly no consensus
on any simple formula or graphical correlation for
this most basic of plume quantities. Much of this
uncertainty arises from the experimental and con-
ceptual difficulty associated with determining the
outer plume boundary. McCaffrey [7] developed
centerline mean velocity and temperature correla-
tions that are consistent with a large body of ex-

perimental data [8].

When the plume interacts with the enclosure
geometry, the concept of an isolated plume be-
comes more difficult to sustain. Hiroomi ef al. [2]
have demonstrated systematic changes in observed
plume structure as a result of confinement in tall,
narrow enclosures. Bilger [3] has advocated the
use of field models, in particular those based on
k — e models of turbulence, to study issues of this
type. Although there has been much progress us-
ing this approach to study fire induced flows in en-
closures, most of the effort has concentrated on re-
gions outside the plume itself. An excellent exam-
ple of this is the analysis of the the experiments of
Steckler et al. [5, 6] by Kerrison et al. [4]. The dis-
advantage of using such an experiment as a test of
fire-induced flow models is that it is difficult to de-
termine how much the k& — € model, the choice of
boundary condition, the representation of the en-
closure geometry, or the experimental data con-
tribute to those discrepancies between computed
and measured results.

The present work uses the large eddy sim-
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ulation techniques developed by the authors to
study the fire plume both as an isolated entity
and in a realistic enclosure environment. The
purpose is twofold — to contribute to the under-
standing of fire plume dynamics and to demon-
strate the power of the large eddy simulation tech-
nique. The absence of boundaries, the fact that a
reasonable (albeit imperfect) data base exists for
an isolated plume, and the fact that an explicit
turbulence model is not used in the present ap-
proach, makes this an attractive problem to con-
sider. The choice of the enclosure fire scenario
mentioned below demonstrates that this methodol-
ogy can be applied to problems of practical inter-
est. In the next section, the three dimensional tran-
sient Navier-Stokes equations specialized to fire
scenarios are presented. The numerical techniques
used to solve them are briefly outlined. Following
this, high resolution solutions for a purely buoy-
ant fire plume are presented and compared with
McCaffrey’s centerline correlations. Finally, the
methodology is applied to the analysis of a pool
fire in an aircraft hangar. The spatial resolution is
high enough to have the plume resolved nearly as
well in this complex geometry as in the isolated
plume case. The two plumes are compared, and
the effect of the enclosure is shown. A conclud-
ing section discusses the future prospects for this
approach to fire dynamics.

2 Mathematical Model

We consider a thermally expandable ideal gas
driven by a prescribed heat source. The motion of
the fluid is governed by the equations written in a
form suitable for low Mach number applications
(9] 5

p
—+V-pu=0 1
Eriu A (M
ou
P EJr(u-V)u +Vp—pg=V-0o @2

oT dpo__.
pcp(at -i—u-VT)— 7 =q+ V- -kVT (3)

po(t) = pRT )

Here, all symbols have their usual fluid dynamical
meaning: p is the density, u the velocity vector, w
the vorticity, p the pressure, g the gravity vector, c,

{BEIFFFE 1996 4 10 A _46-

the constant-pressure specific heat, 7' the temper-
ature, k the thermal conductivity, ¢ the time, ¢ the
prescribed volumetric heat release, R the gas con-
stant equal to the difference of the specific heats
R = ¢, — ¢, and o the standard stress tensor for
compressible fluids. Notice in the energy conser-
vation equation that the spatially and temporally
varying pressure has been replaced by an average
pressure poy which depends only on time. This is
done to filter out acoustic waves.

The divergence of the flow V - u is a very im-
portant quantity in the analysis to follow, and it is
readily found by combining Egs. (1) and (3) and
using the equation of state (4)
1d —
mV~u+;é?:171@+V~MU)($
where v = ¢, /¢,. Integrating Eq. (5) over the en-
tire domain yields a consistency condition for the
background pressure po(t). The background pres-
sure can be expressed in terms of a background
temperature Tp(¢) and density po (%)

po = RpoTh (6)

These spatially averaged quantities play the same
role that ambient conditions do in the Boussinesq
approximation. Perturbations to each are repre-
sented by the relations

T=Tt)L+T) ; p=p()1+p) (7

The perturbation values are thus simply related
1+T)(1+p) =1 ®
Defining Ty and p, through the adiabatic process
1/
Po Do
L <_> 9)
Poo P

allows the energy equation to be expressed in

terms of the perturbation temperature 7 and the
divergence

6T ‘ ~ ~ 1 dpo
—+u-VI'=(1+T) |V —— (10
z (1) 9wt 2] 1o
Note that the temperature and density perturba-
tions are not necessarily small, and the Boussinesq
approximation is not used.
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FIGURE 1: Instantaneous snapshot of a pool
fire calculation performed on a 96 x 96 x 96 grid.
The contours correspond roughly to the bound-
aries of the continuous flame, intermittent re-
gion and plume. The square burner is length
D* on each side, with the height of the domain
rising about 12D*.

Next, we simplify the momentum equation.
The pressure is composed of three components,
the background py(t), the hydrostatic, and a per-

turbation to the hydrostatic p

p(r,t) = po(t) — po(t)gz + p(r, 1) (11

where z is the vertical spatial component. We sub-
tract off the hydrostatic pressure gradient from the
momentum equation (2), and then divide by the
density to obtain

ou 1 Vo p—po V.o

4+ Viu2- I —
2% T3 lu| uxw+p ; g

p
(12)
To simplify this equation further, the density in
the pressure term is assumed ambient, and then
the term |u|?/2 is combined with the perturba-
tion pressure p/p, and written as a total pressure,
H. This approximation assumes that the buoyancy
generated vorticity dominates the baroclinic con-
tribution caused by the non-alignment of perturba-
tion pressure and density gradients. This is not a
good approximation at the small scales where the
actual combustion heat release takes place. How-
ever, at the resolvable scales this is nothing more
than the assumption that these are buoyancy dom-
inated flows. If the coefficient of viscosity is as-
sumed constant, the momentum equation can be
written
Z—?—uxw%—V?{JrTg =v GV(V ‘u) -V X w)
(13)
For most applications, the effective kinematic
viscosity coefficient v represents dissipation on
length scales below the resolution limits of the cal-
culation. The effective Reynolds number is high
enough to permit direct simulation of convective
motion over a spatial range of two orders of mag-
nitude for a three-dimensional calculation.

The fire is represented by introducing a large
number of Lagrangian elements which release heat
as they are convected about by the thermally in-
duced motion. Since the fluid motion determines
where the heat is actually released, and the heat
release determines the motion, the large scale fea-
tures of the coupling between the fire and the
smoke transport are retained. It should be noted,
however, that the heat release rate is not predicted,
but is an input parameter in the computer programs
implementing this model. The smoke is simu-
lated by tracking the convected elements after the
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fuel burnout is completed. A specified percentage
of the fuel consumed is assumed to be converted
to smoke particulate. Thus, a knowledge of the
spatial distribution of the Lagrangian elements is
equivalent to a specification of the smoke particu-
late density at any instant of time. This “thermal
element” model, which represents the combustion
heat release as a large number of point sources
convected by the resolvable flow field, is in fact
a simple combustion model in its own right. It is
consistent with more detailed combustion theories
currently in use, and it permits the use of exper-
imental data from fire experiments in a way that
does not violate the consequences of those theo-
ries. A more detailed discussion of this model can
be found in Ref. [12].

In summary, the equations which are solved
numerically are the energy equation (10), the mo-
mentum equation (13), and a Poisson equation for
the total pressure, obtained by taking the diver-
gence of Eq. (13). This linear elliptic equation
is solved with the use of an FFT-based fast di-
rect solver. The background pressure, tempera-
ture and density are found from Egs. (5), (6) and
(9). Each of the conservation equations empha-
size the importance of the divergence and vor-
ticity fields, as well as the close relationship be-
tween the thermally expandable fluid equations [9]
and the Boussinesq equations for which the au-
thors have developed highly efficient solution pro-
cedures [10, 11]. These are applied directly to the
equations presented here with minor modifications
and no loss in performance. The only changes
from earlier methodology are a return to a uni-
form rectangular grid with blocks of cells masked
to simulate internal boundaries; and the use of
a second order Runge-Kutta scheme to advance
the velocity and temperature fields in time. The
speed and accuracy of this technique enable calcu-
lations on current generation workstations which
involve over a million computational cells, yield-
ing the spatial range of two orders of magnitude
for a three-dimensional calculation.
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3 Isolated Fire Plume

We first consider an isolated fire plume gen-
erated by a pool fire. The minimum length scale
that must be resolved here is the plume struc-
ture scale D* = (Q/poc,To+/9)%°. Since D* is
roughly comparable to the plume diameter near
the base, the plume dynamics can only be accu-
rately simulated if the resolution limit is about
0.1D*. Indeed, for an isolated plume, this is the
only length scale that must be considered. This
can be seen both from the dimensionless form of
McCaffrey’s plume correlations [8] and by consid-
ering the dimensionless form of the Navier-Stokes
equations for this problem. In fact, if the equa-
tions discussed above are made non-dimensional
with D* as length scale, 1/(gD*) as velocity scale,
V/(D*/g) as time scale, and T, as temperature; all
the physical constants disappear from the inviscid
terms in the equations. Only Reynolds and Prandtl
numbers appear in the viscous stress and heat con-
duction terms. In all computations, the Reynolds
number is chosen to be high enough so that the
inviscid terms dominate the large scale structure.
The need to accomplish this and also allow the vis-
cous terms to provide dissipation at the resolution
limit is the ultimate reason that high spatial and
temporal resolution are required.

Figure 1 shows an instantaneous snapshot of
three temperature contours obtained from a 96 x
96 X 96 cell simulation. The contours correspond
to the boundaries of the continuous flame, in-
termittent flame, and plume zones as defined in
Ref. [8]. The Reynolds number was 12,000 for
this simulation, based on the height of the compu-
tational domain. Note that Fig. 1 is an instanta-
neous snapshot of the fire, and that time averages
of the output of this kind of simulation must be
produced in order to make quantitative comparison
with most experimental data. Indeed, it is the fact
that the results of the simulation can be averaged
in a routine way while the equations of fluid me-
chanics cannot is the basis of the whole approach
presented here.

Figure 2 shows the instantaneous vertical cen-
terline velocity and temperature profiles superim-
posed on the steady-state correlation of McCaf-
frey (circles). The oscillations are primarily due
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FIGURE 2: Instantaneous centerline velocity
and temperature profiles for the pool fire sim-
ulation shown in Fig. 1.

to the large toroidal vortices generated at regular
intervals at the base of the fire, which then rise
asymmetrically. Note that the flow is not even re-
motely axially symmetric, and the centerline is de-
fined only by the geometry of the pool at the base
of the plume. Figure 3 shows the corresponding
time averaged quantities (solid lines) and McCaf-
frey’s centerline correlations. The time averaged
flow is symmetric and in excellent agreement with
the correlations. The only deviations are at the bot-
tom of the plume where the thermal elements are
turned on instantaneously without any preheat as
they leave the pool surface, and at the top where
the computational “hood” exerts some upstream
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FIGURE 3: Time-averaged centerline velocity
and temperature profiles for the pool fire simu-
lation shown in Fig. 1.

influence on the plume. Otherwise, the boundaries
of the computational domain are open. At these
open boundaries, the perturbation pressure is as-
sumed zero. This is a reasonable approximation at
the side boundaries, but less so at the top. Various
strategies have been explored to properly set the
conditions at the top, but in most instances, there is
usually a solid ceiling or a hood drawing the com-
bustion products up at some specified flow rate.
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FIGURE 4: Instantaneous snapshot of a fire plume simulation in a 22 m high aircraft hangar at the
U.S. Naval Air Station in Keflavik, Iceland. The width of the building is 45 m, and 45 m of its length
is included in the calculation. The actual length of the building is about 75 m.

4 Aircraft Hangar Fire

Next, we consider a simulation of one of a se-
ries of fire tests performed in a 22 m high aircraft
hangar at the U.S. Naval Air Station in Keflavik,
Iceland [13]. The hangar has a floor approximately
75 m by 45 m in extent, and a barrel vault ceil-
ing that is divided into five 15 m sections by draft
curtains. The three center sections are represented
in a simulation that consists of a 3 m square JP-
5 jet fuel fire located in the geometric center of
the hangar. Figure 4 displays instantaneous tem-
perature contours corresponding to those in Fig. 1
approximately 30 s into the simulation. The com-
putations were performed on a 180 x 180 x 90
cell grid (roughly 25 cm resolution); perhaps the
largest CFD-based computation of a problem in
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fire research. They required 3.2 x 107% seconds
per time step per grid cell on a Cray-90 supercom-
puter. Fifty seconds of relatively steady burning
were simulated. The Reynolds number based on
the height of the hangar is 14,000. The high reso-
lution calculations were undertaken to ensure that
the fire plume in the hangar was resolved to about
the same spatial resolution employed in the iso-
lated plume case. Since D* is more than an or-
der of magnitude smaller than the hangar width,
the computational requirements for this problem
were quite high. In fact, there are not many CFD
computations in any applied field where this dy-
namic range of length scales has been studied in a
fully transient three dimensional simulation. One
side benefit of the high resolution requirement is
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that curved surfaces such as the hangar roof can be
readily simulated with little loss of accuracy and
no loss of computational efficiency. The grid is
sufficiently dense so that no point on the curved
boundary is more than one half percent of the
enclosure height from the nearest computational
boundary. Note that much larger enclosures can
be simulated so long as the fires of interest are cor-
respondingly larger, and that no small scale geom-
etry need be accounted for. The task of simulating
a relatively small fire in a large enclosure is much
more difficult. It is usually assumed that the enclo-
sure geometry has little effect once the ratio of D*
to a suitable geometric scale is small enough.

The plume calculated for the hangar scenario
is very close to the classical isolated plume up to
the point where the stable hot layer begins to in-
teract with the plume. The plume was assumed
to lose thirty-five percent of the chemically re-
leased energy through radiation that is lost to the
system. These are exactly the assumptions made
for the isolated plume study and are implicit in
the correlations presented in Ref. [8]. The hangar
is thus sufficiently large compared with the fire
for the interactions reported in [2] to be unim-
portant. The placement of the fire in the center
of a large space with the outer doors closed un-
doubtably contributed to the lack of influence of
enclosure geometry on plume dynamics. Clearly,
the presence of draft curtains played little role in
the plume dynamics. Their principal effect was
to confine the formation of the upper layer at this
stage in the fire development.

5 Conclusion

The computations shown above demonstrate that
the large scale fire dynamics and smoke move-
ment generated by realistic fire scenarios can be
accurately calculated directly from the Navier-
Stokes equations. The dynamic range of the spatial
and temporal resolution achieved is comparable to
those used in fundamental studies of the structure
of homogeneous turbulence, and greater than that
currently employed in predictions of the global at-
mospheric circulation [14]. At present, the main
limitations on the utility of the present approach
for problems of practical interest have more to do
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with the incorporation of other physical processes
into the large eddy simulations than with further
improvements to the description of turbulent mix-
ing. The most important of these within the con-
text of large scale transport phenomena is thermal
radiation. Efforts to incorporate radiative transport
in a manner consistent with the large eddy simula-
tions described above are currently underway.
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Thermal-Fluids Engineering Research Activities
at The National University of Singapore (NUS)

S.H. WINOTO
(Department of Mechanical and Production Engineering,
The National University of Singapore)

ABSTRACT

In this lecture, an introduction to the National
University of Singapore and a brief overview of the
research activities and facilities in Thermal-Fluids
Engineering will be presented. It is hoped that this
information can help establish collaborative research work
in this particular discipline, between NUS and some

universities or institutions in Japan.
BACKGROUND INFORMATION

The National University of Singapore (NUS) inherits
its rich academic tradition from a lineage of distinctive
predecessor institutions which includes the the University
of Malaya (1949), the University of Singapore (1962) and
Nanyang University (1955).

The University’s roots go all the way back to a Medical
School set up in July 1905 which represented the first
successful venture in higher education in Singapore. The
institution later became known as the King Edward VII
College of Medicine (1921).

The National University of Singapore was established
in August 1980 with the merger of the University of
Singapore and Nanyang University. The campus,
occupying some 150 hectares, is located at Kent Ridge in
the western part of Singapore and about 12 km from the
city centre. The University now has 8 Faculties:
Architecture and Building, Arts and Social Sciences,
Business Administration, Dentistry, Engineering, Law,
Medicine, and Science, and 4 Postgraduate Schools:
Medical Studies, Dental Studies, Management Studies, and
Engineering.

A Faculty consists of some Departments, for example,
the Faculty of Engineering consists of 5 Departments:
Chemical Engineering, Civil Engineering, Electrical
Engineering, Industrial & Systems Engineering, and

Mechanical & Production Engineering. There are a total

of 53 Departments within the University with a total
student enrolment exceeding 20000 (as at 1 January 1996),
which consists of more than 17000 undergraduates and
more than 3000 postgraduates.

THE DEPARTMENT OF MECHANICAL &
PRODUCTION ENGINEERING

The Department of Mechanical & Production
Engineering provides both undergraduate and postgraduate
programmes which have been carefully designed to
provide students with a comprehensive engineering
education.

In early 1977, the Department moved to its present
location at Kent Ridge. The Department is now well
established with 65 academic staff members who
graduated from well known and prestigious universities.
The are 6 Divisions in the Department: Applied Mechanics
Division, Control Division, Fluid Mechanics Division,
Manufacturing Division, Material Science Division, and
Thermodynamics & Heat Transfer Division.

Since the purpose of this lecture is to present a brief
overview of the research activities in Thermal-Fluids
Engineering at the National Universities of Singapore,
only the Fluid Mechanics and Thermodynamics & Heat
Transfer Divisions will be described separately in more

details in the followings.

RESEARCH ACTIVITIES AND FACILITIES IN
THE FLUID MECHANICS DIVISION

The Fluid Mechanics Division has 10 staff members

whose research activities can be categorised as follows:

Turbulence Measurements
- Concave surface boundary layer flows
- Turbulence close to air-liquid interface
- Turbulent jets and wake flows

- Turbulence measurements of flow with large-
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eddy-break-up device
Bio-Fluid Dynamics
- Fluid dynamics of artificial heart valves
- Fluid dynamics of arteries, veins and respiratory
systems
Computational Fluid Dynamics
- Direct simulation of turbulence
- Flow over flexible/compliant surfaces
- Fluid transient pressure surge analysis
- Thermally-influenced fluid flow
- Vortex calculation of flow past bluff bodies
Experimental Techniques
- Effects of turbulence length scales on hot-wire
measurements
- Near wall effects on hot-wire and skin friction
measurements
- Particle image velocimetry
Bluff Body Aerodynamics
- Active control on von Karman vortex shedding
- Flow past a rotating cylinder
- Flow past one or more cylinders with various
cross-sectional shapes
- Flow past transversely oscillating cylinders
- Wind loads on tall buildings

The Fluid Mechanics Laboratory is one of the largest
laboratories in the Faculty of Engineering. It houses a
towing tank of 18 m (L) x 1.8 m (W) x 1.0 (D), a circulating
water channel of 1.2 m (L) x 0.4 m (W) x 0.6 m (D), and
seven subsonic wind tunnels. The largest wind tunnel has
two working sections: 1.0mx 2.0 m and 1.6 mx 2.8 m.
This tunnel is ideal for studies of flow around buildings
and landscapes, dynamic analysis of slender bodies and
dispersion of pollutants. It can also be used for
fundamental studies into the structure of wake-flows and
turbulent boundary layers. The other tunnels come in
various sizes of working sections, ranging from 0.6 m x
1.0 m section to 0.46 m x 0.46 m and 0.33 m x 0.33 m
sections.

The various measuring instruments in the laboratory
include a vast array of hot-wire anemometers with several
CTA unit capable of measuring and resolving velocities
in three directions. A back-scattered two-colour
component laser Doppler anemometer (LDA) system with
accessories and linked up to a micro-computer for ease of
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operation is also available for non-invasive fluid flow
measurements. The LDA can be mounted on a computer-
controlled traversing mechanism for movement of its
measuring probe to any desired location. A recently
developed particle image velocimetry (PIV) system is set
up with two different image processing cards and a video
camera which is capable of tracking many particles
simultaneously in a fluid flow enabling both the elucidation
of the instantaneous velocity field and length scale
distribution. Instruments for pressure measurement
include a wide range of pressure transducers and
scannivalves (for acquisition of many pressure readings).
All the data acquired can be anatysed digitally using micro-
computers in the laboratory, or coupled to spectrum
analysers for real time analysis. Some storage scopes are
also available to aid in the analysis of collected data.

Some specialized equipment pertaining to bio-fluid
research work is also available in the laboratory, such as
the mechanical lung ventilator and simulator and the
physiological unsteady flow simulator. Also available is
a test-rig for investigating pressure transients.

RESEARCH ACTIVITIES AND FACILITIES
IN THE THERMODYNAMICS &
HEAT TRANSFER DIVISION

The Thermodynamics & Heat Transfer Division has a
total of 10 staff members. The focus area of the division
is energy technology. Both applied and basic research is
conducted in the area of energy conservation in buildings
and industry, industrial heat transfer processes, and
combustion and fuels. The current research activities
include computational and experimental work in the

following areas:

Energy Conservation in Buildings
- Energy analysis and modelling of buildings
- Thermal performance of building materials and
systems
- Building automation systems for airconditioning
- Humidity control in airconditioned spaces
Energy Conservation in Industry
- Design and analysis of heat pump systems for
drying applications
- Design and analysis of solar thermal systems
- Heat transfer enhancement in flow passages and
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heat exchangers
Industrial Heat Transfer Processes
- Heat transfer analysis in electronic packaging
- Heat transfer in machining and welding processes
Combustion and Fuels

- Fundamental flame studies

Turbulent heat transfer in combustion
applications
Combustion characteristics and emission of non-

conventional fuels

Smoke movement and fire safety

The Thermodynamics & Heat Transfer Division has
three laboratories which are fully equipped with the
necessary facilities for research as well as teaching
activities.

The Heat Transfer Laboratory has an Infra-red Thermal
Imaging System which provides a non-intrusive technique
for qualitative and quantitative temperature determination.
The infra-red sensor of the system records a picture of an
object based on its radiation heat emission due to
temperature. Software for digital processing of the image
for a variety of requirements is available. The Thermal
Imaging System can be used in the field through a portable
processing unit which has an image recording facility for
subsequent processing. Some typical applications of this
system are the assessment of heat leakage through building
materials and insulations, the detection of overheating
components in electrical circuits, and very accurate
estimation of surface temperature profile and emissivity
of objects. The other specialized equipment available in
the laboratory include a high speed camera (of up to 8000
frames per second), a high resolution video recording and
processing facility, a laser Doppler anemometer, a gamma-
ray spectrometer for two-phase flow studies, instruments
for estimating solar insolation, and an apparatus for
measuring thermal conductivity of porous materials. A
host of data logging and acquisition devices, temperature
and heat flux calibrators, and various flow meters are also
available.

The Thermodynamics Laboratory provides a full range
of facilities for the testing of internal combustion engines.
Engine test beds are available for parametric studies of
petrol and Diesel engine performance, and diagnostic
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training. The characteristics of combustion of fuels, flame
behaviour, and monitoring and assessment of hydrocarbon
and gas emission levels can be studied with the specialised
apparatus in the laboratory. Test units of a small-scale
industrial steam turbine and boiler plant, a gas turbine and
a centrifugal air compressor are also available.

The Air Conditioning and Refrigeration Laboratory
houses a thermal environmental-controlled chamber which
is used for comfort studies in air conditioned spaces. The
chamber is capable of simulating required combinations
of environmental humidity and temperature as necessary.
An industrial-scale testing facility is available for
evaluation of the performance of air-conditioning chillers
and heat pumps. The characteristics of the commercial
chillers and heat pumps can be carefully monitored under
a variety of operating load conditions for rating purposes.

DISCUSSION AND CONCLUSIONS

A brief introduction to the National University of
Singapore and an overview of the research activities and
facilities in the Fluid Mechanics and Thermodynamics &
Heat Transfer Divisions, at the Department of Mechanical
& Production Engineering have been presented.

NUS has also established formal links with more than
60 well known overseas institutions/universities in the
USA, Canada, Belgium, Denmark, France, Germany,
Norway, Sweden, The Netherlands, UK, Australia, New
Zealand, Hong Kong, India, Japan, South Korea, Taiwan
and the PRC.

Institutions/universities in Japan which have formal
framework for collaboration with NUS are: The Japan
Society for the Promotion of Science, Tokyo Institute of
Technology, Waseda University, Faculty of Dentistry and
Graduate School of Dentistry of Tokyo Medical and Dental
University, Faculty of Engineering of Kyoto University,
Graduate School of International Management of
International University of Japan, Institute of Industrial
Science of University of Tokyo, and School of Medicine
of Nagasaki University.

It is hoped that this information can help establish more
collaborative research work especially in Thermal-Fluids
Engineering discipline, between NUS and some other
universities or institutions in Japan.
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HEAT TRANSFER RESEARCH

ACTIVITIES IN TAIWAN

G.J. HWANG
(Department of Power Mechanical Engineering,
National Tsing Hua University)

Abstract

This paper presents the status on the heat transfer
research activities in Taiwan. The main research funds of
university research comes from projects of the National
Science Council (NSC). The industrial and application
oriented researches are through the Ministry of Economic
Affairs and Ministry of Transportation. There are 21
graduate schools offering Master degree in ME, and 10 of
them offering Ph.D. The personnel and research areas will
be described. NSC has set up 18 measures for promotion
of research. Taiwan has held annually five conferences
that accept papers of thermal-fluids engineering. This
paper also lists and discusses the publications of papers
from Taiwan in some typical international journals. To
carry out meaningful researches and improve the quality
of papers, one has to promote the communication in
international heat transfer societies, and with the related
industries.

BRIEF HISTORY OF TAIWAN

Taiwan with a total area of 36,000 km? has a total
population of 21 million concentrated on the west coast
of the island. Recently, the people of Taiwan have elected
their president under the military threat of China. Although
some aborigines have been living in this island for
thousand years, little is known of Taiwan's earliest history.
When the Ming dynasty in the Chinese mainland came to
an end, Portuguese sailors landed on the island in 1517,
and called it Thla Formosa, what means ‘Beautiful Island.'
The Dutch invaded the island in 1624 and settled in the
South. Spaniards settled in the North, and were driven
away by the Dutch in 1641. Soon after that Cheng
Chengkung (also known as Koxinga) expelled the Dutch
from the island in 1661.

Immigration to the island began in the 17th century
when people from the Fuijan Province fled from Famine
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and persecution on the mainland. The Manchus invaded
Taiwan in 1683 and Taiwan became a part of Fuijan
Province. In the 19th century, the population had risen to
approximately 2.5 million. Taiwan became a separate
province of China in 1887, and Taipei was the capital. In
1895, Manchus handed over Taiwan to Japan because the
lost of Korea war. In 1945, China regains Taiwan after
World War II. The civil war between the communists and
the KMT separates the PRC on the mainland and ROC on
Taiwan.

GOVERNMENTAL FUNDING AGENCIES

National Science Council found in 1959 is the major
governmental funding agency that supports the basic
researches in science, engineéring, agriculture, biology and
the medical science, and humanity and social science. The
Engineering Division consists of subdivisions of
mechanical, civil, electrical, and chemical engineering and
the other related disciplines. The thermal fluids
engineering group including heat transfer, fluid mechanics,
and combustion is under the mechanical engineering
subdivision. The majority of research projects of NSC are
proposed by university professors.

The science and technology advisory boards in
Ministry of Economic Affair and Ministry of
Transportation finance industrial or application oriented
researches. Energy committee in MOEA also supports the
energy related researches. The major portion of funding
of MOEA and MOT goes to the ITRI, an independent
nonprofit research and development organization, only a
small portion goes to Universities.

UNIVERSITY AND RESEARCH INSTITUTES
IN TAIWAN

As shown in Fig. 1, there are 21 graduate schools that
offers Master degree in mechanical engineering. These
schools are scattering around the west coast of Taiwan
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island. Ten of them offer Ph.D. As shown in Tablel, the
names of these schools are listed from northern part of
Taiwan to the South. The total numbers of professors,
Master students, and Ph.D. students in mechanical
engineering are 529, 1973, and 552, respectively. Roughly
speaking, about 1/4-1/3 of professors and students are
major in the thermal-fluids engineering. National Taiwan
University has the largest ME graduate program in Taiwan.
National Cheng Kung University is the second one.
National Tsing Hua University is the number four, slightly
greater than the number 5, our neighbor National Chiao
Tung University. Two private schools, TTIT and CYCU
also offer Ph.D. in ME. Usually, it takes two years to finish
the Master degree with thesis that is compulsory in Taiwan.
The time required for a Ph.D. is about 4-6 years. Some
part time Ph.D. students may take longer than six years to
finish their course work, preliminary examination, and the
thesis.

MEASURES FOR PROMOTION OF RESEARCH

One cannot say that there was absolute no scientific
activity in Taiwan during the period of Japanese
occupation from 1895 to 1945. As I know, some research
activities in medical science and agriculture have been
reported, but no research in basic science and engineering
has been found in that time. The National Science Council
of Taiwan established in 1959 has set up the research policy
covers all fields of scientific researches. To strengthen the
research power, 18 measures are taken for the promotion
of research activities of Universities, Research Institutes,
and National Laboratory [1].

Measure 1: Subsidizes the recruit of research
chair, and fellows.

Measure 2: Subsidizes domestic researchers for
study abroad.

Measure 3: Subsidizes the recruit of researchers
from China.

Measure 4: Subsidizes the researchers for short
term study in China.

Measure 5:  Subsidizes the bilateral symposia with
China.

Measure 6: Subsidizes undergraduate students for
project research.

Measure 7: Finances the NSC research projects.

Measure 8: Subsidizes researchers for excellent
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performance.
Measure 9:  Offers scholarships for Ph.D. students.
Measure 10: Subsidizes research assistantship for
projects.
Measure 11: Subsidizes the publication of domestic
journals.
Measure 12: Helps the patent and copy right
application [2].
Measure 13: Helps researchers for technology
transfer [2].
Measure 14: Subsidizes the joint research projects
with industrials.
Measure 15: Supports the participation of
international symposia.
Measure 16: Subsidizes the invitation of well-
recognized persons.
Measure 17: Subsidizes the organization of
international symposia.
Measure 18: Subsidizes the over sea scholars for
short term visit.

The NSC can also pays the page charge for the
publication of papers written from the results of NSC
funded research projects. The travel expense should be
applied separately, and you may get it at most once every
fiscal year. The Ministry of Education and University may
also subsidize the travel expense for international
symposia, at most once every fiscal year. The allowance
can be part of budget of industrial research project, that
can be part of professor's salary with a certain amount of

upper bound.

RESEARCH AREAS OF THERMAL FLUIDS
ENGINEERING IN TAIWAN

Researches in thermal fluids engineering includes heat
transfer, fluid mechanics, and combustion. It combines
with the other fields in mechanical engineering is under
the Division of Engineering. Currently, the research areas
of heat transfer in Taiwan emphasizes the following areas
[3]: materials processing related transport phenomena;
high power electronic cooling; high performance heat
exchangers; thermal environmental control engineering;
software development for computer aided design. Fluid
mechanics research covers: fluid machinery; transportation
related fluid mechanics problem; micro-machinery related
fluid mechanics problem; wind engineering related fluid
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mechanics problem; software development. Combustion
research includes: fuel and combustion characteristics;
automotive and motor cycle IC engines; furnace and
burner; fire study.

CURRENT RESEARCH PROJECTS IN
THERMAL FLUIDS ENGINEERING

Table 2 shows the NSC funded research projects in
thermal fluids engineering [3]. The number of projects
funded are 107 and 136, in fiscal years of 1995 and 1996,
respectively. In 1995, The number of projects in heat
transfer is 41, the number in fluid mechanics is 21, and
the number in combustion is 45. In 1996, the number of
projects in heat transfer is 69, the number in fluid
mechanics is 14, and the number in combustion is 45. We
have more emphasis in applied research recently. The
number of projects increases in the period of 1995 and
1996 in materials processing related heat transfer problem,
electronic cooling, thermal environmental control
engineering (TECE), and engine studies. Due to the
promotion of some over sea scholars and local needs, the
projects in TECE related air conditioning, compressor,
refrigerants, and energy storage has formed four research
groups. Similarly, three research groups in engine studies
have been organized. The study on micro-scale heat
transfer and fluid mechanics has become popular recently.
A separate fund is allocated on this topic.

The heat transfer researches in the Thermofluids
Division in Energy & Resources Lab., ITRI are carried
out by 10 persons including 2 Ph.D. They emphasize the
researches on the following areas [4]:

1. Air side performance for heat exchangers,

2. Tube side performance of alternative refrigerants,

3. Computer aided heat exchanger design software,

4. Expansion device,

5. System performance of small air-conditioning
units (window/split-type) using alternative

refrigerants (R407C & R410A).

HEAT TRANSFER CONFERENCES AND
SYMPOSIA IN TAIWAN

There are five conferences held annually that accept
the presentation of heat transfer, fluid mechanics, and
combustion papers. The first one is the National
Conference of Theoretical and Applied Mechanics
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organized by the Society of Theoretical and Applied
Mechanics. The second one is the National Conference of
Mechanical Engineering organized by the Mechanical
Engineering Society. The third one is the National Heat
Transfer Conference organized by the Thermal-Fluids
Engineering Division of Mechanical Engineering Society.
The fourth one is the National Conference of Combustion
Science, Technology and Application. The last one is the
Conference on Computational Fluid Mechanics held by
the Aerospace Engineering Society. The first two have
been held regularly in Winter, the third is in Summer, and
the fourth and the last ones are in Spring. There are about
70 to 100 papers in thermal-fluids engineering in each
conference. The conference venue are rotating around the
island. The fund expenses of these conferences is partially
supported by government and partially donated by
industry. Only a small portion is from the registration fee.

PUBLICATIONS IN INTERNATIONAL AND
DOMESTIC JOURNALS

One of index to see the performance of researchers is
to examine the publications in Journals. Several
international journals from 1991 to 1995 in heat transfer,
fluid mechanics and combustion have been selected in the
present study. Publications by the researchers from USA,
Canada, Japan, Korea, and China are also included in the
list. USA is selected because it has the largest amount of
publications in the world. The reasons for the selections
are givens as follows. Canada has about the same
population as that in Taiwan. Japan is the most developed
oriental country. Korea is the most energetic country in
Asia. China is the most populated country and on the
opposite side of Taiwan Strait. It is known that quality of
the paper is always more important than the numbers. The
number of paper merely indicates how hard you work to
carry out the research.

Table 3(a) shows the number of papers for ASME
Journal of Heat Transfer. The total number of paper in
1991-1995 is 712. Canada, Japan, and Taiwan have about
the same amount of quantity. Table 3(b) lists the
publication of International Journal of Heat and Mass
Transfer. Taiwan has published a large amount of papers
in this Journal particular in 1993. A similar performance
has been observed in Numerical Heat Transfer as shown
in Tables 3(c) and (d).
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Table 3(e) depicts the publication in Journal of Fluid
Mechanics. Canada and Japan publish more than 13 papers
from Taiwan in these years. Table 3(f) shows the
publications in the Journal of Fluid Engineering. Taiwan
publishes 17 paper in this Journal. Concerning the
publications in Combustion, Taiwan has 16 papers in
Combustion and Flame as shown in Table 3(g). Japan has
33 papers in this Journal. Table 3(h) shows the paper
presented in the International Symposium on Combustion
in 1992 and 1994. Japan contributes 33 papers. Only a
small amount of papers contributed by Canada, Korea,
China and Taiwan.

There are three journals published that accept the
papers in thermal fluids engineering. The Journals are
Proceedings of National Science Council, Journal of
Society of Mechanical Engineering, Journal of Mechanics.
The first and the third ones are published quarterly. The
second one is published bimonthly.

CONCLUDING REMARKS

The heat transfer researches in Taiwan started in early
1970, only a small number of paper published annually.
After 25 year efforts of individuals with the encouragement
of NSC, the fruitful results of heat transfer research have
been observed. What is left to be done in the future. One
has to carry out more meaningful research and improve
the quality of publication. To achieve this ends, one has
to promote the communication in the international heat
transfer societies and the communication with the related
industries.
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Table 1 GRADUATE PROGRAMMES IN

MECHANICAL ENGINEERING
April, 1996
G4 2] WA | BiEHE | MSc. | PhD.
BALHYE A NTOU 21 38 0
F AR NTU 54 281 104
HLILEM T RS NTIT 46 63 46
AKEI I TTIT 14 57 10
WILKP TKU 18 48 0
#H A RHE S HCHT 14 14 0
TLE TSR YZIT 17 76 0
AR CYCU 15 90 18
HIEE A5 CCIT 39 66 22
Rk A NCU 37 209 58
RIIMERY NTHU 32 169 79
RILZERSE NCTU 30 166 77
GETRER CHPI 15 40 0
WYL RAS NCHU 24 101 0
ERAS FCU 17 54 0
AT DYIT 12 26 0
R BB HPR YUNTECH 18 40 0
R PIEARS NCCU 8 61 0
RILRHAS NCKU 47 206 91
BRI NSYSU 28 145 47
WIUREERPR NPPI 23 23 0
Total 529 1973 552

Table 2 NSC Funded Research Projects in Thermal

Fluids Engineering
Heat Transfer 1995 1996
Materials Processing 15 19
Electronic Cooling 3 11
Heat Exchanger 3 1
‘Thermal Control 13 32
Computer Software 1 3
Others 6 3
Subtotal 41 69
Fluid Mechanics 1995 1996
Fluid Machinery 4 2
Transportation 1 2
Micro-Machinery — 3
Wind Engineering 1 —
Computer Software 6 4
Others 9 3
Subtotal 21 14
Combustion 1995 1996
Fuel and Combustion 13 14
Engines 20 31
Furnace 9 7
Fire Study 2 1
Others 1 —
Subtotal 45 53
Total 107 136
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Table 3 Journal paper publications

1991-1995 £ /w & K 32 wd B AR X 42 48 W T B R R
(n) ASME Journal of Heat Transfer
YEAR S USA | Canada | Japan Korea China | Taiwan
1991 160 113 S 7 3 2 8
1992 160 120 3 11 0 2 7
1993 162 104 13 6 4 1 6
1994 106 75 6 2 1 2 4
1995 124 83 6 9 2 1 i3
FEW I 712 495 33 35 10 8 38
B 5 (%) 69.52 4.63 4.92 1.40 1.12 534
(b) International Journal of Heat and Mass Transfer
YEAR B USA Canada | Japan Korea China Taiwan
1991 256 97 16 15 10 10 18
1992 297 122 i1 18 4 5 21
1003 405 149 20 18 15 0 43
1994 314 122 10 20 11 8 32
1995 262 92 7 17 6 6 25
HEMN 1534 582 64 88 46 38 139
" 5 (%) 37.94 4.17 5.74 3.00 2.48 9.06
(¢) Numerical Heat Transfer Part A :Applications
YEAR B R USA Canada Japan Korea China Taiwan
1991 58 29 4 1 0 4 3
1992 52 31 2 2 1 1 5
1993 25 11 2 3 0 0 4
1994 108 66 14 5 3 2 11
1995 76 26 16 S 1 0 12
AN 319 163 38 16 5 7 35
B H (%) 51.09 11.92 5.01 1.56 2.19 10.97
(d) Numerical Heat Transfer  Part B :Fundamentals
YEAR L USA Canada | Japan Korea China Taiwan
1991 31 17 1 1 0 0 2
1992 34 19 3 1 0 0 1
1993 52 30 4 0 2 1 2
1994 26 17 0 0 3 0 4
1995 53 16 9 | 4 1 8
SR 196 99 17 3 9 2 17
& 5 1(%) 50.51 8.67 1.53 4.59 1.02 8.67
(¢) Journal of Fluid Mechanics
YEAR B R USA | Canada | Japan Korea China | Taiwan
1991 338 177 9 3 1 3 b
1992 350 188 7 9 1 1 6
1993 347 161 9 7 2 0 0
1994 359 166 11 8 0 3 1
1995 389 174 12 9 1 )] 2
P 404 1783 866 48 41 5 10 14
B (%) 4857 | 2.68 230 0.28 0.56 0.79
(N Journal of Fluid Engineering
YEAR B USA | Canada | Japan Korea China | Taiwan
1991 98 65 5 6 3 1 1
1992 97 58 5 11 3 0 2
1993 99 64 4 9 2 1 5
1994 97 61 S 10 3 1 4
1995 85 59 4 5 2 0 5
T 476 307 23 a1 13 3 17
A 5 (%) 64.50 4.83 8.61 2.73 0.63 3.57
{g) Combustion & Flame
YEAR & USA | Canada | Japan Korea China | Taiwan
1991 159 108 3 12 1 0 4
1992 98 62 4 4 0 2 2
1993 127 75 3 8 0 0 2
1994 90 43 1 7 3 0 5
1995 143 87 3 6 0 1 3
T 154 617 375 14 37 4 3 16
B 51 (%) 60.97 226 5.99 0.65 0.49 2.59
(h) _The International Symposium on Combustion
YEAR o i USA | Canada | Japan Korea China | Taiwan
1992 225 | 119 0 15 0 0 1
1994 328 78 3 18 3 1 2
Y £71 553 197 3 33 3 1 3
FH 51 (%) 35.62 0.54 5.97 0.54 0.18 0.54
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Application of Numerical Analysis to Domestic Refrigerator

SN B, BN #HA
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Akira TAKUSHIMA and Satsuki SUHO

(Sharp Corporation, Energy Conversion Laboratories)
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ANNOUNCEMENT

Oji International Seminar

on

NEW APPROACH TOWARD LOW-TEMPERATURE
AND AIR-CONDITIONING ENGINEERING WITHOUT

FLUOROCARBON REFRIGERANTS

Sponsored by the Japan Society For Promotion of Science
and the Fujihara Foundation of Science

Tuesday, September 16 - Friday, September 19, 1997
Hotel New Oj1

Tomakomai-city, Hokkaido, Japan

Oji International Seminar is sponsored by the Japan Society for Promotion of Science (J.S.P.S.) and
the Fujihara Foundation of Science. This seminar will deal with the technologically most urgent field
of "New Approach Toward Low-Temperature and Air-Conditioning Engineering Without Fluorocarbon
Refrigerants," and will be held in Tomakomai-city (which is close to Chitose International Airport and
Sapporo), Hokkaido, Japan, September 16-19, 1997. The objective of this seminar is to provide an
opportunity for exchanging ideas and information on recent development and future scope in the
research. Lectures will be given by invited participants from the United States, Europe and Asian
countries as well as Japan. It is planned that about fifteen guests will be invited from the United States
and Europe, several from the Asian countries and about twenty from Japan. A range of subjects to be
covered will include the following:

Heat Transfer Performance of Multi-component Refrigerants
Thermophysical Properties of Multi-component Refrigerants
New Developments in Multi-component Refrigerant Cycle

Heat Transfer Technology for Compactness of Absorption Cycle
Promotion of Heat and Mass Transfer in Adsorption Cycle
Developments and Problems in New Refrigerants

Heat and Mass Transfer in Frosting and De-frosting

Formation of Slush Ice and Its Application to Energy Storage
Energy-saving Technology in Air Conditioning

WO NN R W=

Inquiries regarding the seminar should be directed to the organizers of this seminar at the following
addresses.

Professor Shoichiro FUKUSAKO Professor Kunio HIJIKATA

Division of Mechanical Science Department of Mechanical Astronautics
Graduate School of Engineering Faculty of Engineering

Hokkaido University Tokyo Institute of Technology

N-13 W-8, Kita-ku, Sapporo 060, Japan 2-12-1 Ookayama, Meguro-ku,
Tel.(011)706-6424, Fax.(011)706-7889 Tokyo 152, Japan

E-mail: fukusako @cygnus.mech2.hokudai.ac.jp Tel.(03)5734-3172, Fax.(03)3729-0628
E-mail; khijikat@mes.titech.ac.jp
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