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Abstract—An experimental and theoretical study has been made of the unsteady heat transfer during the
shock-induced ignition of an explosive gas, The heat flux at the end wall is obtained from measurements that
were made with a thin film resistance thermometer. A separate analysis is based on the solution of the
boundary layer equations in the gas near the end wall. Comparison of these results yields the instantaneous

position of the reaction zone and the temperature distribution in the gas.

NOMENCLATURE

exponent in thermal conductivity relation;

specific heat;

specific heat at constant pressure;

heat transfer coefficient;
thermal conductivity;

dimensionless thermal conductivity;

pressure ;
heat flux;

time;

temperature;

velocity;

dimensionless variable;
distance.

Greek symbols

a, thermal diffusivity ;

¥, ratio of specific heats;

3, thickness of gas layer;

1, similarity variable;

8, dimensionless temperature ;

P, density;

1, transformed time variable;

v, transformed space variable;

Ygr, location of combustion zone.
Subscripts

<, combustion zone;

24 gas;

i, initial;

I, ignition ;

s, solid ;

W, wall;

w0,  edge of gas boundary layer.

INTRODUCTION

THis PAPER reports on an experimental and analytical
study of the unsteady heat transfer occurring prior to
and during a combustion reaction. The study is made
in a shock tube in the region behind the reflected shock
wave. Previous shock tube research has emphasized
the dynamic effects resulting from the exothermic
processes that occur in the course of a combustion
reaction {¢.g. Oppenheim et al. [1]). The present work
utilizes these results as well as the experimentally
determined wall heat flux reported herein to model the
transport phenomena in the region near the wall. In
particular, a thermal boundary layer is assumed which
yields the instantaneous position of the reaction zone.
The study has been carried out with a mixture of
hydrogen and oxygen with argon as the diluent.
Reproducibility of the results was demonstrated and a
separate study with pure argon was also made.

EXPERIMENTAL APPARATUS AND MEASUREMENTS

The measurements were made in an aluminum
shock tube of rectangular cross-section, 38.4 mm (11")
by 44.8 mm (13"). Experiments were carried out with
an inert gas, argon, and with a combustible mixture of
2H, + O, + 27A as the test or driven gases on the low
pressure side of the diaphragm. The driver gas, on the
high pressure side, was helium.

Two Kistler pressure transducers (S/N 52036) were
mounted on the top of the test (or expansion) section
to detect the arrival of the shock wave at their
respective locations. The resulting signals were re-
corded on a Tektronix dual beam oscilloscope. The
transducers were placed 101.6 mm (4.00") apart. The
travel time of the shock wave between the pressure

267



268

| ' | l

S
e

A i e

v
e

FIG. 1. Surface temperature measurement, reading gas. Time
scale = 20us/cm; pre-ignition temp. increase = 46K =
83R;2H, + O, + A; run 214.

transducers was determined from measurements made
with a Hewlett—Packard electronic digital counter.
From these measurements the speed of the shock wave
was determined. The sound speed was determined
from the measurement of the initial temperature of the
test gas. The resulting values of the Mach number,
along with the initial temperature and pressure, permit
the calculation of the temperature and the pressure
behind the incident shock wave and behind the shock
wave that reflects off the end wall.

To measure the temperature at the end wall as a
function of time, a thin film resistance thermometer
was used [2-12]. This gauge consisted of a thin
platinum film that was painted and baked on a ceramic
base, Macor, made by Corning Glass Works. The
gauge was mounted flush with the wall. A temperature
change caused a change in the resistance of the
platinum film and the corresponding voltage was
recorded (cf. Fig. 1). The resistance thermometer was
calibrated in a thermally controlled enclosure so that
the wall temperature variation could then be de-
termined from the voltage output. The value of the
resulting heat flux is dependent upon the parameter
(pck)!? of the insulating ceramic base. This value is
1380 Ws'2/m*K (0.033 Cal/cm*CS' %) for Macor [11,
12]. Many studies have been carried out with thin film
resistance thermometers [2-12]. These studies have
demonstrated the durability of these gauges and their
rapid response times, which are of the order of one
microsecond.

Measurements with the combustible mixture [2H,
+ O, + 27A] were carried out for two nominally
identical runs: 214 and 219, corresponding to initial
pressures of 12.69 kPa (1.84 psia) and 12.72 kPa (1.85
psia); initial temperatures of 2969 K (534.5 R) and
297.3K (535.1 R); Mach numbers of 2.35and 2.39. The
values of the pressure and the temperature im-
mediately after shock wave reflection are 30.96 kPa
{(44.9 psia) and 32.59 kPa (47.3 psia); 1317 K (2371 R)
and 1337 K (2407 R).
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ANALYSIS

The determination of the heat flux during shock
wave heating is based on the measured surface tem-
perature of a thermally infinite solid (Macor) that is
initially at a constant temperature. The solution for the
wall heat flux is given by [5]:

kpe\'2 [t 1 dT, .-
w () Laa o

To perform the numerical calculations for the heat flux
it is more convenient to use the following form of
equation (1) [5]:

(ko' TT (=T 1 (" T (e)~ T () -
O R e

2)

which does not involve the evaluation of derivatives.
In the absence of combustion the end wall tempera-
ture rapidly increases to a value T, that remains
constant [5]. For this condition the wall heat flux is

given by
kpe\'* T, — T,
Qus = <;7_{—)\ [1\;2' (3)

An alternative evaluation of the wall flux may be
obtained from a solution of the conservation equations
in the gas. The gas in the end wall region undergoes a
rapid increase in temperature due to compression from
both the incident and the reflected shock waves. The
effect of the wall is to cool the gas in a boundary layer
which grows with time. Neglecting viscous dissipation
and species diffusion and taking the pressure to be
uniform, because of the small velocities in the wall
region, yields the following 1-dim. equations of con-
tinuity and energy [6-12]:

cp

a
— —— =0, 4
3 +ax (pu) =0 4)

T, T dp 20 5
Ploar TP % T ar Tax N ax (

where x is the coordinate perpendicular to the end
wall. The continuity equation is satisfied by a stream
coordinate y according to

oy _P oy __pu 6)
X py Ot Pie

where p,, is the initial constant density of the gas after
shock wave reflection. The energy equation in ¥, t
coordinates is then given by

0T _dp  p 0@ L P oT
Poa T oy ( Pia U

During the pre-ignition period, corresponding to
about the first 20 us after the shock wave has reflected
off the end wall, the pressure is constant and results for
the heat transfer may be readily obtained. This interval
is followed by ignition which takes place in a plane
close to the end wall. This is accompanied by a
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Heat transfer during the shock-induced ignition of an explosive gas

detonation wave which propagates away from the end
wall and a diffusion transport which proceeds towards
the wall. In view of the different phenomena occurring
in the pre-ignition and combustion periods, it is
convenient to consider them separately.

Pre-ignition period

During this interval the pressure is constant and the
analysis is identical to that for an inert gas [6-9].
Briefly, the energy equation becomes:

1 66 ¢ [K o ®)
Oig ot |0 oyl

where = T/T,, T, = T, = T} K = klk, o, =

Kig/Pig Co-

Note that for an ideal gas at constant pressure p/p;, =

T,,/T = 1/0. The initial and boundary conditions are:

TW0 =T, TOH=T, T(xt=T, (9)

127
The end wall location corresponds to ¢y = 0.

Since there is no characteristic length or time in the
problem, it is apparent that 6 is a function only of
Y2/t [6-9]. This requires that the wall surface
temperature, T,, be a constant which is in agreement
with the experimental results [6-9]. Therefore we let
= P/(2,,1)'? and obtain

d TK@) 407 a8
49 _ 10
dn[ 8 dn}+ndn 0, (10a)
T, Ty
00) =1, Oor) = 2= = == (10b)

w w

Using a power law dependence for the thermal con-
ductivity, K = k/k,, = (T/'T,), with a value for a,
completes the specification of the problem [8,9]. Fora
= 1,0 the heat flux obtained from equations (10a) and
(10b) is given by

(T.-T,)

Gy = iy —
¢ —e At
This result is also given in the Appendix. For a = 0.7
[8,9, 14] the heat flux g, is obtained from a numerical
solution to equation (10a) subject to equation (10b)[8,

9].

(1n

Combustion period

The next interval includes the effects of combustion
and now the pressure is time dependent. The energy
equation in ¢, t coordinates is now given by

oM _y=1Td b s 7T
o)

é
— ay— T *—|T
ot y pdt Pi oy
(12)

* T,, is the temperature of the gas immediately after the
shock wave has reflected off the end wall (Liepmann and
Roshko [13]}. The subscript ig is used to distinguish this from
the initial (room temperature) condition in the solid asused in
equations (2) and (3).
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Introducing
T# all =y
') )
T;g pig 2 {ay—a+ 1}y
and dt = («») dr (13)
pig
yields
av a2V
— gy, YA Ve
o oy ()
The initial and boundary conditions are:
V1) = fenly), (15a}
TN\ a(l - y)7
V(0s) = (—“) <£> , (15b)
7; pig
T \* a(l =)y
V(6,2) = <—> (ﬂ> /' (15¢)
rFig Pig

The transformed time 1, is defined to be the time at
the beginning of the combustion period which is the
same as the time at the end of the pre-ignition period.
Equation (15a)is the calculated distribution at the end
of the pre-ignition period which is obtained from the
solution of equations (10a)and (10b). The temperature
of the combustion zone, T, along with the location of
the combustion zone, J, are required and these are
discussed in the next section. For completeness it is
noted that equation (14) was solved numerically using
an explicit finite difference method to calculate the
temperature profiles and the heat flux g,,. A time
increment, Az, or 1 us and a space increment, Ay, of
15 um were used to satisfy the stability criteria for the
numerical calculations [19].

RESULTS AND DISCUSSION

It is important to emphasize that the determination
of the wall heat flux, g, only requires the specification
of the thermal properties of the ceramic solid and the
temperature difference, 7, — T,, in the solid. During
the pre-ignition period the wall temperature is con-
stant and the heat flux, g,., is then obtained from the
simple relation, equation (3).

The determination of the heat flux, g,,, during the
pre-ignition period was previously presented [cf
equations {8-11)]. Briefly, during this period the
pressure, p, the wall temperature, T, and the tempera-
ture outside the boundary layer, T, are constant and
the phenomena and analysis are identical to that for
the inert gas problem [6-9]. The heat transfer, g, is
determined from the solution of the energy equation,
equation (10a), subject to the conditions of equation
{10b). A comparison of the values obtained for the heat
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Figs. 2(a) and (b). Heat flux variation

fluxes, g, witha = 0.7and e = 1.0*[8,9,14] and, g, Recall that during the pre-ignition period the pres-
as obtained from equation (3) is presented in Figs. 2(a)  sure is constant so that t = ¢. The heat flux decreases
and (b). During the pre-ignition period, which cor- during this interval because the temperature difference
responds to the first 20 us after shock wave reflection,  across the thermal boundary layer in the gas, T, — T,,
the heat fluxes agree to within 4 and 6% for Figs. 2(a)  is constant while the thickness of the layer isincreasing
and (b), respectively. For runs with pure argon the with time. The heat fluxes in Figs. 2(a) and (b) show
agreement was 8%, and 32 for two runs. this decrease during the pre-ignition period.

When combustion begins, the temperature of the gas
in the reaction zone rapidly increases and this effect

a nenaen Aiw Y LR POPREPS I [ ol o fa oo el
he Appendix. diffuses to the end wall where it increases the wall
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FiG, 3. Temperature variation for the reacting zone.

temperature (cf. Fig. 1) and increases (or retards the
rate of decrease of ) the wall flux. This variation of the
heat flux, g,., is shown in Figs. 2(a) and (b).

The determination of the heat flux, g,,, requires
information relevant to the gas transport. From the
work of Oppenheim et al. [1], Cohen et al. [15-17],
and Cheng [18] the induction or ‘ignition’ time* is
20 us after the shock wave has reflected off the end wall.
The reaction is initiated at this time and is assumed to
take place at the penetration depth or boundary layer
thickness, §; i.e. the location where the temperature
reaches 99% of the free stream value. From the analysis
during the pre-ignition period the penetration depth

T T I
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P
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F1G. 4. Pressure variation in the gas layer.

*This is designated as the pre-ignition period.
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and the temperature distribution are determined as a
function of time and at © = 1; = 20 us this gives the
initial condition for the combustion period required in
equation (15a). The calculations of the pressure, p, and
the temperature of the reaction zone, T, during the
course of the reaction were based on previous experi-
ments and theoretical studies which included the gas
dynamic phenomena and the chemical kinetics of the
reaction {1, 15-18]. The values are shown in Figs. 3
and 4 for Run 214 and the values of ¢ are given in Table
1. The remaining consideration is the propagation of
the reaction zone, J(t). Once this quantity is obtained
the energy transfer may be determined in accordance
with the solution of equations (14) subject to equations
(15). Note that the model is one of thermal transport
with the effect of combustion to increase the tempera-
ture of the reaction zone.

Calculations were made for different trajectories for
the reaction zone, 8(t), as shown in Figs. 5(a) and (b)
and the corresponding values that were calculated for
g are shown in Fig. 6 for Run 214. The diffusion from
the reaction zone to the wall proceeds in the same
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Table 1. Values of the transformed time

Run 219 Run 214
T{us) t(us) t(us)
[} 0 0
10 10.0 100
20 200 200
21 21.0 21.0
22 220 22.0
23 23.0 23.0
24 24.0 24.0
25 250 250
26 26.0 26.0
27 270 270
28 280 28.0
29 29.0 29.0
30 29.9 29.9
31 309 309
32 319 319
33 328 328
34 338 338
35 34.7 347
36 357 357
37 36.6 36.6
38 375 375
39 38.5 38.5
40 394 394
41 40.3 40.3
42 41.2 41.2
43 421 42.1
44 43.0 430
45 439 439

1800,

15001

72 :45 gsec
35
30

—~27C0

manner for all the cases considered; the difference is
solely that the propagation is stopped at a final or
quenching distance at Yz = 9AY, 8AY, TAY or 6Ay
(A = 15.1 um) for the various cases considered. The
calculations were carried out with the temperature, T,
at the same location for two consecutive time incre-
ments. In detail, for Run 214, values of T_ equal to
1338 K and 1339 K were applied at 196 um for two
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consecutive time steps; T, = 1342 K and 1343 K were
applied at 181 um for the next two consecutive time
steps ete. From the comparison of the fluxes, g, and
4. 1t1s seen that the best agreement is achieved for the
case Ygr = 6AY and the corresponding temperature
distribution in the gas is shown at different times in
Fig. 7.* Carrying out the transformation from ¥ to x
yielded the results shown in Figs. 5(a) and (b). For the
case Yyr = 6AY, the minimum value for é for Run 214
is 44 um which increases slightly to 50 um at 45 us (cf.
Fig. 5a). This procedure was also carried out for the
nominally identical Run 219 which was cited in the
section on Experimental Apparatus and Measure-
ments. For this case the minimum value for 8 is 48 ym
which increases to 59 um at 45 us (cf. Fig. 5b).
Calculations were carried out until T = 46 us. At this
time the detonation wave overtakes the reflected shock
wave and values for the state of the gas were not
available.

For clarification the case g = 6AY is presented
separately in Fig. 8(a) for Run 214 and in Fig. 8(b) for
Run 219. For completness, the thermal conductivity
variation k/ki, = (T/'T,)', ie. a = 1, is also shown
which was discussed in the Appendix.

Of particular interest is the result for the variation of
the heat transfer coefficient, A, which is defined by

dw

h=—".
-1,

(16)
The results for h are presented in Fig. 9 with h, based on
4, and h, based on g,,. The heat transfer coefficient
decreases during the pre-ignition period correspond-
ing to the increase in the thickness of the boundary
layer and the constant value for the temperature
difference, T, — T,. During the combustion period the
heat transfer coefficient decreases slightly and then
increases as the effects of combustion diffuse to the end
wall. The results for Run 219 are very close to those for
Run 214 and are not shown.

* For clarification a schematic diagram is also presented in
Fig. 10.



Heat transfer during the shock-induced ignition of an explosive gas

T T T
1800 I
it
d Vgr = 6 OY
qWS
——— 20 7 =500
qw{__“ 0=1.0
1500+ —
2Hp+ Oy + 274, Run 214 oL
% 3
~ 2
B @
4 400 4
F") ”
2 2
¢ E
1000
300
700L-
[¢] 20 40 60
&+ lusec)
N i i i
1800 b .
i
|
|
\ HEAT FLUX VARIATION
| .
! o { o7
| qwg ::..Qf - W HBAY 4500
1500 1 6:1.0 BF
“ AY=I514
- i 2H, +0,+ 27TA, RUN 2i9 —
o~ oL
[ &
~N e
z <
o
¢ 8
" 400 ?
H
° 7
= °
s b :
o
1000 -
300
700 |
| i 1
(e} 20 40 50
G~ {psec)

Fics. 8(a) and (b). Heat flux variation.

In concluding, we note that it would have been
desirable to carry out a study over a range of
conditions, but this was not feasible because the
related information that is required was not available.
Indeed, the experimental and theoretical study of the
gas dynamics and chemical kinetics of the hydrogen—
oxygen system which were needed for the conditions

studied in this work represented a substantial portion
of the previous work that has been cited [1, 15-18].
The present work uses and extends these studies to
include transport phenomena in the region near the
wall. In particular, results have been presented for the
first time for the wall heat flux and the location of the
combustion zone as a function of time.
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APPENDIX

For a linear variation of the thermal conductivity with
respect to temperature, K = k/k, = (T/T,), a = 10,
equation (10a) becomes

d*e dé
—4+n—=0 Al
T (A1)

subject to the conditions given in equation (10b). This linear
problem may be readily solved and the result for the heat flux
is
(r,-T,)
Guws = Kig =7 ——
! STt
During the combustion period, the energy equation,
equation (14), reduces to

(A2)

v i
— =0, A3
o Meayr (A3
subject to the conditions
V(1) = feald), (Ada)
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1=y

V(0,1) = (&)(ﬂ) ) . (Adb) The case a = 0.7 corresponds to the correct thermal
T/ \Py conductivity variation and the better agreement shown in
Figs. 2(a) and (b) for a = 0.7 rather than 1.0 is in accord with
’ this specification. The ¢ = 1.0 case is appealing, however,
Vi6.1) = < T, > < P )‘1_”"" (Ado) because the resulting equations are simpler and the cor-
PTAT P ' responding results, although not as accurate as those for the
a = 0.7 case, are much more easily obtained and may be

adequate for many applications.

ig ig

This problem has been solved numerically.

TRANSFERT THERMIQUE PENDANT L’ALLUMAGE INDUIT PAR UN CHOC
D’UN GAZ EXPLOSIF

Résumé—Une étude expérimentale et théorique concerne le transfert thermique non stationnaire pendant

I’allumage induit par un choc d’un gaz explosif. Le flux thermique 4 la paroi est obtenu par des mesures faites

al'aide d’un thermométre 4 résistance en film mince. Une analyse est basée sur la résolution des équations de

couche limite dans la gaz prés de la paroi. Une comparaison de ces résultats donne la position instantanée de
la zone de réaction et la distribution de température dans le gaz.

WARMEUBERTRAGUNG WAHREND DER DURCH EINEN VERDICHTUNGSSTOSS
AUSGELOSTEN ZUNDUNG EINES EXPLOSIVEN GASES

Zusammenfassung—Es wurde eine theoretische und experimentelle Studie zur instationdren Warmeiibertra-

gung wihrend der durch einen VerdichtungsstoB ausgeldsten Ziindung eines explosiven Gases durchgefiihrt.

Der Wirmestrom an der Stirnseite wird aus Messungen erhalten, die mit einem Dunnfilm-Widerstandsther-

mometer gemacht wurden. Eine getrennte Analyse stiitzt sich auf die Losung der Grenzschichtgleichungen

im Gas nahe der Stirnseite. Ein Vergleich dieser Resultate liefert die momentane Position der Reaktionszone
und die Temperaturverteilung im Gas.

TEIUJIONEPEHOC IMPU UHYIIUPOBAHHOM YJIAPHOW BOJIHOW BOCIJIAMEHEHUM
B3PBIBUATOI'O T'A3A

Annoraunst — [1poBeacHO 3KCIIEPUMEHTAIbLHOE H TEOPETHYECKOE MCCIIEIOBAHNE HECTAIIHOHAPHOTO MPO-

necca TerIonepeHoca NpH BOCIUNIAMEHEHHH B3PbIBYATOrO rasa, WHAYUHPOBAHHOM yNapHOH BOJIHOM.

C HCroNIb30BaHMEM TOHKOIUIEHOYHOT O TEPMOAHEMOMETDPA CONPOTHBIIEHHS H3MEPEH TENIOBOH NOTOK Ha

topeu. TeopeTHYeCKHi aHAIH3 OCHOBAH Ha PELLEHHH YPaBHEHHI MOTPaAHHYHOrO CJ10s Ais objacTu raza

y TopueBo# cTeHkH. COMNOCTaBleHHE IKCTIEPHMEHTANLHBIX U TEOPETHYECKUX PE3yAbTaTOB MO3BOJISET

NOJIy4HTh NaHHBIE O [OJOXEHHH 30HBI PEaKUMH B KaXKIbi MOMEHT BPEMEHH H TEMIEPATYPHOM
pacrnpenesieHHH B rase.



