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Abstract-The unsteady heat flux from a non-reacting gas to the sidewalls of a channel has been 
determined during the piston compression of a single stroke. For small changes in the wall temperature, 
the heat flux may be determined solely from the variation of the temperature outside the boundary layer 
or, alternatively, from the piston trajectory. Results for the heat-transfer coefficient are also presented and 

exhibit a non-monotonic variation with respect to time. 

NOMENCLATURE 

specific heat of solid ; 
specific heat of gas ; 
heat-transfer coefficient ; 
thermal conductivity; 
gas pressure; 
heat flux ; 
gas constant; 
time ; 
temperature ; 
gas velocity in s direction ; 
volume; 
coordinate normal to wall ; 
coordinate parallel to wall. 

Greek symbols 

INTRODUCTION 

THE STUDY of the heat transfer from a gas to the 

walls during piston compression has been the subject 
of many investigations [l-6]. Unfortunately, the 
transient, variable volume, variable pressure nature 
of the compression process results in complex effects 
that are difficult to isolate and appraise. Accordingly, 
in an earlier work we studied the heat transfer from a 
transparent non-reacting gas to the end wall of a 
channel during the piston compression of a single 
stroke [7]. This eliminated expansion effects, radi- 
ation contributions, cyclical variations, etc. The 
present work considers the heat transfer to the side 
walls and also appraises and elucidates the impor- 
tance of the various transport contributions. A 
specification of the wall heat flux is also made based 

k/pc, thermal diffusivity; 
ratio of the specific heats; 
thermal boundary-layer thickness; 

gas velocity in y direction; 

T 
T,; 

density ; 
stream coordinate; 
transformed time. 

sblely on the piston trajectory. 

EXPERIMENTAL APPARATUS AND 
MEASUREMENTS 

A detailed description of the system and measure- 
ments is available [7,8] and only a brief coverage is 
given here. The apparatus used was a stainless steel 
enclosure that was fitted with a pneumatically 
operated piston. The square compression chamber or 
test section, 3.8 x 3.8 cm in cross-section, contained 
an aluminum piston that was fitted with teflon seals. 
A typical stroke for the experiment was 12 cm with a 
compression ratio of 4 and a time interval of 30 ms. 

A steel rod which moved with the piston was fitted 
with a steel rack with a set of teeth. A magnetic 
pickup sensed the teeth as they passed by and the 
corresponding change in voltage, recorded as a 
function of time (cf. Fig. l), yielded the piston 
displacement. The pressure was determined from the 
output of a Kistler pressure transducer, SN 52036 (cf. 
Fig. I). 

Subscripts 

99 gas ; 
1, initial ; 
no conv, no convection ; 
s, solid ; 
W, wall ; 
z, outside boundary layer. 

*Present address: Nippon Steel Corporation, Tokyo, To determine the heat flux a thin film resistance 

Japan. thermometer was used [4, 7, 9-181. It consisted of a 
t Present address: Union Carbide Corporation, Bound thin platinum film that was painted and baked on a 

Brook. New Jersey, U.S.A. ceramic base, Macor, made by Corning Glass 
901 
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FIG. I. Typical osciilogram for surface temperature, displacement and pressure measurements. 

Works. The resulting gauge was mounted flush with 
the surface on the bottom wall and was located a 
distance 2.54cm from the end block. A temperature 
change caused a change in the resistance of the 
platinum film and the corresponding voltage was 
recorded during the piston compression (cf. Fig. I ). 
The resistance thermometer was calibrated in a 
thermally controlled enclosure so that the wall 
temperature variation could then be determined 
from the voltage output. The value of the resulting 
heat flux is dependent on the parameter (pck)“’ of 
the insulating ceramic base. This value is 
0.033 Cal/cm* “Cs”’ (0.138 W s*‘2/cmZ K) for Macor 

[‘I. 

ANALYSIS 

The determination of the heat transfer during 
piston compression is based on the measured surface 
temperature of a thermally infinite solid (Macor) 
that is initially at a constant temperature, 7;. The 
solution for the wall heat flux is then given by [ 141 

’ (1) 

which can also be written in the following form [ 141: 

+ L t L(r)- 7Jf) .’ 
2 r .,” @_j)32 dr (2) 

i 

Note that equation (2) does not require the 
measurement of slopes. Equations (I ) or (2) provide 
results for the heat flux that are independent of any 
assumptions concerning the transport processes or 
conditions in the gas. This will prove to be especially 
important in confirming the validity of different heat- 
transfer analyses and mechanisms in the gas. 

An alternative approach for the determination of 
the wall heat flux is based on a solution of the 
conservation equations in the gas as applied to the 
thin boundary layer near the wall. Neglecting viscous 
dissipation and taking the pressure to be uniform 
yields the following one-dimensional equations of 
continuity and energy: 

where .Y is the coordinate perpendicular to the wall. 
For the end wall configuration x coincides with the 
direction of piston travel; for the side wall con- 
figuration .Y is perpendicular to the direction of 
piston travel. It is emphasized that the density 
increase from the edge of the boundary layer to the 
wall means that there must be a gas flow towards the 
wall. This is true for the side walls as well as for the 
end wall and may be directly afirmed by integrating 
the equation of continuity to obtain 

p dx. 

It is noted that this induced velocitjl would also 
occur when there is no so-called piston velocity 
present, the motion being a result of the drop in the 
gas temperature at the wall and the associated 
increase in density as noted above. For example, 
reference may also be made to [I61 and the 
references therein where the reflection of a shock 
wave from a wall is studied. For this problem the 
cooling effect of the solid also extends into the gas 
(boundary layer) and the flow of the gas towards the 
wall is induced in the same manner that is noted 
above. As a consequence of this effect there is the 
convective transport of energy, ~~~u(t?T/Ss), towards 
the wall [cf, equation (4)]. 

To solve equations (3) and (4) the stream 
coordinate $ is first introduced according to 

which satisfies the continuity equation. Then using 
the ideal gas law, pr = pRT and a linear thermal 
conductivity variation with respect to temperature, 
the energy equation becomes in J/,t coordinates 
(Isshiki and Nishiwaki [4]): 

a?- y--ITdp, p, d2T 

dt- 
------+$Qil~_ 

i’ P, dt Pi ati 
(7) 

Making the transformation dr = (p,/p,)dr [4], as- 
suming the gas outside the boundary layer under- 
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goes an isentropic process* so that 

PL T7. 
i ) 

y/(P-1) 

pi= T, 
(8) 

and introducing the dependent variable Q, = T/T, 
yields [4] 

(9) 

The initial and boundary conditions are: 

$($>O) = 1, 
4(0, T) = T,,./T, = T,./T(I/;/V)‘j-’ = 4,. (10) 

&x,r) = I. 

Note that the wall location corresponds to jl = 0. 
The solution for the wall heat flux is then given by 

(11) 

or 

4 
k,.p,T, 

II 
&AT)- ’ 

Iv.9 = -m p 

+A 
2 r 

‘kJfhM)d~ . 
,* (T-if”’ I 

RESULTS AND DISCUSSION 

In our previous study [7] experiments 

(12) 

were 
carried out with the thin film gauge placed at the end 
wall of the compression chamber. Results for the 
unsteady heat flux from both the conduction relation 
in the solid, equation (2) for qW,S and from the 
laminar boundary-layer equations of continuity and 
energy, equation (12) for q,,,,g, were in very good 
agreement. This also proves to be true for side wall 
measurements that have been carried out and typical 
results are shown in Figs. 2 and 3 for air and argon, 
respectively. Calculations were also carried out for 
constant and for time varying values of the wall 
temperature, but because the variation of the wall 
temperature was small in comparison to the much 
larger variation of T,, the results were essentially the 
same. Consequently, the heat flux, q,,,,$, may also be 
obtained by making the approximation &,(T) = 
T,(t)/T, (5) v constant& (2) so that equation (12) 
becomes 

4 
- kvp,, T,- T,(s) _ 

W.8 pi(7rai)‘/2 T.112 

+ T,(T)T, s ’ T~‘(T)-T~~‘(F) 

2 0 
(,_,)3/2 df, ‘ i 

(13) 

It is emphasized that when the wall temperature 
variation is small the heat flux, qweg, is determined 
solely from the variation of T.(z). Under this 

* It is noted that the measured values of the pressure and 
the values that were calculated from the isentropic relation 
for Constant specific heats, namely pP = constant, were in 
very good agreement. 
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FIG. 2. Heat flux variation. 

condition, that is, T, cx T, equation (13) may also be 
written in terms of the variation of the volume V(r) 
of the compressed gas; namely 

4 w.9 

(5 - f)3’2 
). (14) 

Note that p,,,/pi ~?r p,/p,. 
Results were also obtained by solving the explicit 

finite difference forms of the conservation equations 
in the solid atid in the gas. The solution was 

obtained by matching the temperature and the flux 
at the wall subject to the required conditions at + cc 
given by T( - CG, t) = 7; and T( + OS, t) = T,(t). The 
results for the heat flux obtained by this method (not 
presented) are in very good agreement with the 
values of q,,_. Typical results for the tem~rature 

1 Run 81 Argon 

i,i..,mA ‘O 
0 4 8 12 16 20 24 28’ 

Time, ms 

FIG. 3. Heat flux variation. 
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FIG. 4. Temperature profiles in the gas. 
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FIG. 7. Thermal boundary layer thickness. 

profiles in the gas are given in Figs. 4 and 5. Note 

that the thermal boundary-layer thickness a,,, charac- 

terized by the locus of points corresponding to (T 

- 7;,.)/(T,_ - ?;,,) = 0.99, first increases with time but 

as the compression continues, a maximum value is 

reached and there is then a decrease with time. A 

separate plot of the thermal boundary layer 6,, is 

presented in Figs. 6 and 7 along with other results 

that are discussed below. The velocity profile, u(.u, t), 

was also determined according to 

and these results are presented in Figs. 8 and 9. 

x. mm 

09* 

L 

Run 77 Air 

0% 0.25 

x, ft 

FIG. 5. Temperature profiles in the gas. 
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FIG. 6. Thermal boundary layer thickness 

0 0001 0002 0.003 00040005 0006 0 0:7 
x, ft 

FIG. 8. Velocity profiles in the gas 

The variation of the heat-transfer coefficient is also 

of interest and the results for /I, = q,,,,J(T,_ - 7;,.) and 

h, = q,,,,,/(T, -T,,.) are shown in Figs. 10 and 11. It is 

seen that the heat-transfer coefficients first decrease 

with time, but as the compression continues h, and h, 

reach a minimum value and then increase with time. 

The large discrepancies at small times are due to 

inaccuracies associated with both the small heat 

fluxes and the small temperature differences. The 
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FIG. 9. Velocity profiles in the gas. 
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FIG. 10. Heat-transfer coefficient variation. 
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FIG. I I. Heat-transfer coefficient variation 

Table 1. Volume of the compressed gas as a 
function of time (r/; = 230.2 cm’) 

Time 
(ms) 

V:iv 
Air 

Run 17 

Y/V 
Argon 
Run 81 

0 
1 

i 
6 
8 

IO 
12 
14 
16 
18 
20 
21 
22 
23 
24 
25 
26 
27 
28 

1.000 
t.005 
I.011 
1.017 
1.023 
1.032 
1.045 
1.071 
l.f 19 
1.194 
1.307 
1.387 
I.492 
I.627 
I.810 
2.069 
2.43 I 
2.858 
3.335 

I .I00 
1.008 
1.017 
I.028 
1.041 
I .064 
I.101 
1.162 
I.260 
1.417 
1.663 
I.844 
2.082 
2.39 1 
2.799 
3.328 
4.017 

variation of the heat-transfer coefficients is discussed 
below. For completeness, the piston trajectory, 
&/V(r), is presented in Table I. 

To appraise the significance of the convective 
transport, that is, the effect of the induced velocity on 
the energy transport, the energy equation was 
written without the convective term, viz: 

(16) 

Utilizing the ideal gas law, the isentropic relation for 
the gas outside the boundary layer and a linear 
thermal conductivity variation with respect to the 
temperature yields 

Now, introducing the variable @ = (T/T,)4z and the 
transformed time dr = (TX/TJ(y--2)i(y-‘)dt one 
obtains 

a~ a20 
aT -- = c@pT (18) 

subject to the following conditions: 

efs, t = 01 = 1, 

e(.u = T;,~) = I, 

etx = 0, r) = (T,,.,'T, f’. 
(19) 

The non-linear energy equation was solved numeri- 
cally using the explicit .finite difference method and 
the results for the heat flux, q,,,,9,noconv, are presented 
in Figs. 2 and 3. The contribution to the energy 
transport resulting from the induced velocity cor- 
responds to the difference in the heat fluxes, qwIg 

-4 w,g, nOeOnv and increases with time. 
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The results for the temperature profiles without 
convection have not been presented but it is of 

interest to observe the variation of the thermal 

boundary-layer thickness &,nocanv (cf. Figs. 6 and 7). 
It is seen that firh,nocon, continues to increase with 
time tending to level OK at the end of the stroke. This 
is in contrast to the variation of the thermal 

boundary-layer thickness with convection, S,,, which 
increased, reached a maximum value and then 
decreased with time. A heat-transfer coefficient, 

h 9. “0 CO”\ = 4tv.g. no C”“Vl /(T,_ - T,,,) has also been calcu- 
lated and the results are plotted in Figs. 10 and 1 I. 
In contrast to the variation of the boundary-layer 

thickness, S,,, noconv, the variation of h, “,, cOnv (as well 

as that of h, and h,) is a non-monotonic function of 

time. Indeed, at the beginning of the compression the 
increase in the boundary-layer thickness with time 

causes the heat-transfer coefficients to decrease. 

However, as the compression continues the work 
done by the piston and the induced convective 

transport* become more important, finally causing 
the heat transfer coefficients to increase as shown in 
Figs. 10 and 1 I. This is true for both air and argon 

as the working gas and for both side wall and end 
wall measurements. 

It is also pointed out that there is a contribution 

to the energy transport that is directly related to the 
piston velocity. This effect is included in the result for 

the heat flux from the conduction analysis in the 
solid (q,v,s) via the measured wall temperature 

variation. However, in the boundary layer con- 
servation equations in the gas this contribution, 

which would correspond to a pc,v(dTiaq’) term, has 
been omitted. Also omitted in the boundary-layer 
equations is a mixing effect resulting from the vortex 

that forms at the piston wall interface [8, 19, 201. 
These omissions are consistent with the slightly 

smaller results for q4,,9. For completeness, it is noted 

that these effects should be more pronounced for 
gauge locations that are farther from the end wall; 

that is, closer to the piston. 
Lastly, calculations were also carried out with a 

steel wall for the piston trajectories corresponding to 
run 77 for air and run 81 for argon. The results were 
obtained by matching the temperature and the flux 
at the surface subject to the required conditions at 

*co given by T( - co, t) = T and T( + a,, t) = T,(t). 
For these cases the wall temperature variation was 
again small, so that TW = 7; and the results were 
substantially the same as previously presented. For 
completeness, it is noted that the heat flux was 
slightly larger for the steel wall. 

CONCLUSIONS 

The unsteady heat transfer to the side walls during 
the piston compression of a single stroke may be 
determined from the solution of the laminar boun- 

*Theconvectivetransportcontributionisonlyrelevanttoh, 
and h,sinceit isdefined to bezeroforthehypothetical h,,,,,,,., 
analysis. 

dary layer equations in the gas. For small wall 
temperature variations, the heat flux may be de- 

termined solely from the variation of the temperature 

outside the boundary layer, Tr_ or alternatively, from 

the piston trajectory in the form of the volume of the 
compressed gas as a function of time. Results for the 

heat-transfer coefficient for air and argon exhibit a 

non-monotonic variation with respect to time. The 
results for the side wall measurements are in 
agreement with measurements that were previously 

made at the end wall. 
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TRANSFERT THERMIQUE PENDANT LA COMPRESSION PAR PISTON EN 
INCLUANT LA TEMPERATURE DE LA PAR01 ET LES EFFETS DE CONVECTION 

Rbum&Le flux thermique instationnaire entre un gaz inerte et les parois d’un canal a 6tB d&termin& 
pendant la compression pour une course de piston. Pour des petits changements de tempbrature de paroi, 
le flux thermique peut 8tre determink uniquement g partir de la variation de la temptrature hors de la 
couche limite ou bien B partir,du mouvement du piston. On prtsente au&i des rirsultats pour le coefficient 

de transfert thermique et on montre une variation non monotone en fonction du temps. 

W?iRMEtiBERGANG BE1 EINER KOLBENKOMPRESSION UNTER 
BERikKSICHTIGUNG VON ZYLINDERWAND- UND KONVEKTIONSEFFEKTEN 

Zusammenfassung-Der instationiire WIrmestrom eines nicht-reagierenden Gases an die Seitenwlnde 
eines Kanals wurde bei der Kolbenkompression fiir einen einzelnen Hub bestimmt. Fiir kleine 
Wandtemperaturinderungen kann der WLrmestrom allein durch die Variation der Temperatur aul3 
erhalb der Grenzschicht oder alternativ durch die der Kolbenlaufflkhe bestimmt werden. Es werden 
Ergebnisse fiir den Wtirmeiibergangskoeffizienten angegeben, die eine nicht-monotone Anderung mit der 

Zeit zeigen. 

TEI-IJlOI-IEPEHOC IIPM PAEOYEM XOfiE IIOPIIIHII C Y’&TOM BJImHklR 6OKOBbIX 
CTEHOK UMJ’IMHAPA H KOHBEKUIIA 

A~IOWIU- OnpeneneHa Benmma HecTauHoHapHoro nepeHoca Tenna 0~ Hepeawpymuero ra3a K 

~OKOB~OMCT~HK~MUHJIHH~~~BT~~~HH~OL~HO~O pa6oqero XOna n0plIlH~1. npH He6OJIblUHX H3MeHeHHRX 

TehmepaTypw CTeHoK ummnpa 8emwHa Tennonoro noToKa h4oxeT HAITI. 0npeneneHa TonbKo Ha 

0cHonaHm H3h4eHeHm TeMnepaTypbl 3a npenenaMH norpasmHor0 cnon ltn~ ~3 TpaeKTopwi xona 
nopluer. IlpmeneHblpe3ynbTaTblpac9~~0~ Kox$@uweHTa TennonepeHoca HnoKa3a~0, STO 3HaqeHHK 

K03#WHeHTa HeMOHOTOHHO H3MeHRH)TCII 80 BpeMeHH. 


