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Abstract

Wall heat fluxes can be derived from time resolved measurements of the surface temperature. This paper describes an
analytical approach to calculate the heat flux from an analytical solution of the one-dimensional transient energy
equation with transient boundary conditions using the Laplace transformation. The results are compared to simple test
cases for which the heat fluxes are given in literature. The method is used to calculate the heat flux from a fuel spray to a
wall at diesel engine conditions. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In modern direct injection engines the fuel spray in-
teracts with the piston and the cylinder walls. These
interactions may affect the atomization of the spray. In
an experimental set-up a high temperature high pressure
injection chamber is used to examine spray wall inter-
actions. Since the heat flux to the wall cannot be
measured directly, indirect measurement techniques
have to be employed. Fast surface thermocouples are
used to measure the surface temperature at three posi-
tions within the impingement region of the spray. Fig. 1
shows a sketch of the experimental setup and the ther-
mocouples. The thermocouple is soldered at its top to
the wall and surrounded by an air gap. Because of this
insulation the heat conduction in the thermocouple can
be assumed to be one-dimensional. Details of the ex-
perimental setup can be found in [1]. To calculate the
heat flux from these measurements an analytical ap-
proach is proposed. The Laplace transformation is used
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and the heat flux is obtained from the temperature
gradient at the surface. Thus it is not necessary to nu-
merically solve the energy equation on the whole domain
and computational efforts and errors due to numerical
inaccuracy are reduced.

2. Governing equations

Since the problem is considered to be one-dimen-
sional the transient energy equation is

()

Assuming an uniform temperature distribution prior
the impingement of the spray and a constant temper-
ature 5 at x = 0 the initial and boundary conditions
are:

0(¢,0) =0,
0(0,1) = 9s(1) — 95 = 0s(2), (2)
0(1,1) = 0.
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Fig. 1. Sketch of the experimental setup and a surface thermocouple.

If the transient temperature distribution at the surface
is known, the instantaneous heat flux can be calcu-
lated:

oY A 00

¢ =200 -2 %00, ®

A positive sign to the heat flux denotes heat flux into the
wall. Using the Laplace transformation [2] this partial
differential equation can be transformed into an ordi-
nary differential equation:

0%0

$O(E,5) — 0(E,0) = s0(¢,s) = b

4)

Using p*> = s the general solution for this equation is

0(&,5) = AeP* + Be 7. (5)

Using the transformed boundary conditions the solution
becomes

e P¢ — er(é2)

0(,5) = Os(s) - (6)

l—e?

In order to calculate the heat flux the gradient at the
surface is needed according to Eq. (3):

o0 — 1+e %
a_i(o’s) = —GS(S)P'm
- 14+e
= —s0s(s) ey ()

Expanding the denominator according to
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the surface gradient may be expressed as a series:

_ B L N
00 (0,s) = —s0s(s) - I+e (1 + ez”p>
p n=1

o¢

_ 1 -2
=) (5

e 672np ef(ZrH»Z)p )
+> +
pr < p p

Using transformation tables given for example in [2,3],
both terms of this expression may be transformed
back:

R0 = -0,

B(t) = % <1 + zie‘"z/‘> .

Using the convolution-theorem [2]

t

2 (F(s) Fals)) = / Fi() - B(t— ) dr (11)

0
the equation for the surface gradient can be derived:

00 _ “dbs 1
675(071)_ A E(T)

(Tt — 1%)

X (1 + 2Ze-<"2/<f—f*>>> dr*. (12)
n=1

Applying Eq. (3) the wall heat flux can be deter-
mined:

.//(_L_)_ )” r% 'E* 1
1 7ﬁ~5 o dr* VT —T*

x <1 + 2Ze—<"’/<1—f‘>>> de. (13)
n=1

3. Implementation

The derived expression for the heat flux (Eq. (13)) is
evaluated numerically using the measured surface tem-
peratures 5. These values are sampled at discrete time
intervals 7, =i - At.

Then the integral in Eq. (13) can be split into
A o ddg

q (Tf): ﬁé o dr (‘L')
1 X
—(n*/(ti—1%)) *
X == (1 + 2;}, >dr
) 2 dds

+

n-0 J, dr*(r )

1

1 = > . )
—(n*/(ti—1*)) *
X ri—r*(Hz;le >dr

i 1 /.‘n %(T*) 1
vr-o J,  dr T —T

X (1 +2 Ze“’z/(“*))) dr. (14)
n=1

For small values 7 < 1 the sum may be neglected, hence

1 i—1
o _ A Thl dﬂs " 1 "
q (Ti) - ﬁé ; /TA dr (T ) \/’L’,——’E*d‘[ . (15)

To get a good approximation of the derivative in the
interval [t;, 7441] the Taylor series expansion is used:

ﬂ

dvs . dvs . d*ds
@(T )*@(TM)'F(T —TM)F(TM) (16)
. Tt Tep —Ar2k+1
MTT T 2
Using
r_ %(r ) = Usir1 — Vs
Sk g M At
a9
Ogp =gz ()
(s p+2 — Usps1) — (Usx — Isp—1)
= + ;(Ar)z . (17)
Eq. (15) may be written as
q'(u)
1 i—1 Tt
_ 4 / * u . 1 *
-5 ; / (195,,( e TM)ﬁS,,{) —
(18)

Integrating this equation yields the final equation to
calculate the heat flux from the measured data:

» S AT E ) ) o 2k+1
q’ (T,’) :25 ? & ((ﬂs,k_'_ﬁs,,kAT(l_T))

k

. At
X Ri‘k - 795'/( TS[J()7

Ry=(G—-k"—(i—k-1)"7" (19)

S =(i—k)’?—(i—k—1)>"
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Fig. 2. Surface heat fluxes of a seminfinite wall derived with different solutions (¢ =39x10%m?s™!, A=15Wm™' K,

£ =20 kHz).

4. Comparison with analytical results

For a semi-infinite body whose surface temperature is
changing according to

’ﬂs(l) = 195‘0 + A9 Sin(27ttf), (20)

where f denotes the frequency of the temperature
changes and 95, and AY the average surface temperature
and the amplitude of the temperature changes, the sur-
face heat flux may be exactly calculated as [4]
-1 T[f :

q'(1) = },Aﬁ\/;( sin (2ntf’) + cos (2mtf)). (21)
Fig. 2 shows a comparison between heat fluxes calcu-
lated from the solution derived above and the exact
solution from Eq. (21). The parameters are f = 20 kHz,
a=39x10°m?s "' and 1=15W m™ K'. For the
numerical calculations the data has been sampled at
intervals of Az =2 x 107® s. It can be seen that after a
short settling time the differences between the different
solutions are very small and that using the Taylor ex-
pansion the errors may be significantly reduced at high
frequencies. The same calculation with a frequency of
f =500 Hz shows no difference whether the Taylor ex-
pansion is used or not.

5. Results

The method presented here has been used to deter-
mine the surface heat flux during spray/wall interaction
under diesel engine conditions. The data were sampled
at a data rate of 5 MHz using a digital oscilloscope and
processed in a PC using the DAQ Software LabView
5.0 [5]. To suppress the noise from the Analog-Digital—
Converter, a digital lowpass filter is used. A second-

order digital Butterworth filter [5,6] with a cut-off fre-
quency of 20 kHz provided good results. Fig. 3 shows
the amplitude response of the filter. A n-dodecane
spray is impinging orthogonally on a wall. The ambient
gas pressure and the fuel injection pressure are set to
DPGas = 38.5 bar and py,; = 800 bar, respectively. The
temperatures of the gas and the wall are set to
Vgas = Yw = 600 K, the distance between the nozzle
and the wall is zyw = 30 mm. Fig. 4 shows the original
temperature data at three different radial positions (see
Fig. 1) and the lowpass filtered data. Obviously the
noise is effectively suppressed. Since only the temporal
derivative of the temperature is needed, it is sufficient
to measure the change of the surface temperature rel-
ative to the temperature before the start of the injec-
tion. Thus all the traces start at a relative temperature
of 0 K.

Fig. 5 shows the heat fluxes calculated from the data
shown in Fig. 4. The parameters used are: At =2 x
107 8,a=65x10°m?>s', /=281 Wm ' K" and
0 =10 mm. To get averaged heat flux values which can
be used to validate numerical simulations of the spray—
wall interactions [1] the heat fluxes have also been
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Fig. 3. Amplitude response of the butterworth filter.
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Fig. 4. Unfiltered (left) and filtered (right) temperature data.
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Fig. 5. Wall heat fluxes: left: single measurement, right: heat fluxes from averaged temperature data (pgas = 38.5 bar, pi,j = 800 bar,

VGas = Ywan = 600 K, zw = 30 mm).

calculated from averaged temperature measurements
derived from 50 injections. The two peaks at times 0.3
and 1.6 ms result from electromagnetic noise from the
injector at the beginning and the end of the injection and
can not be further suppressed by filtering without
altering the data.

6. Conclusions

An analytical approach to calculate heat fluxes from
time resolved measurements of the surface temperature
has been introduced. The method proposed here shows
good agreement with analytical results and needs only
little computational efforts. By the use of this method
wall heat fluxes of fuel sprays at diesel engine conditions
have been calculated. The understanding of the process

during wall contact is enhanced and the results support
the interpretation of data gained with optical flow
measurements.
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