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ABSTRACT 

An experimental and theoretical study has been carried out to 

determine the unsteady heat transfer from a non-reacting gas to the end 

wall of a channel during the piston compression of a single stroke. A thin 

platinum film resistance thermometer records the surface temperature of 

the wall during the compression. A conducti~n analysis in the wall, 

subject to the measured surface temperature variation, then yields the 

unsteady heat flux. A separate analysis based on the solution of the 

laminar boundary layer equations in the gas provides an independent 

determination of the heat flux. The two results are shown to be in good 

agreement. This is true for measurements that were made in air and in 

argon. Results .for the heat transfer coefficient as a f~nction of time 

are also presented and exhibit a non-monotonic variation . 
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INTRODUCTION 

The determination of the heat transfer from a gas to an enclosure 

during piston compression represents a problem that is of considerable 

practical importance as well as being one of fundamental interest. With 

respect to internal combustion engines, wall heat transfer processes are 

critical to the quenching of wall reactions leading to,high hydrocarbon 

emissions, the durability of engine components, the loss of energy leading 

to decreased efficiency, etc. [1 - 5]. The transient, variable volume 

(moving surface), variable pressure aspects of the compression process 

result in complex phenomena that are difficult to appraise (for example, 

refer to [6 - 9]). 

The present experiments were carried out in' a single pulse, 

compression-expansion apparatus [8]. The work is an experimental and 

theoretical study of the unsteady end wall heat transfer during piston 

compression. The measurements were carried out during the compression 

stroke of a single pulse • 

1. 



EXPERmENTAL APPARATUS AND MEASUREMENTS 

The present set of measurements was carried out to determine the heat 

transfer from a gas to the wall of a channel of square cross-section during 

piston compression. The apparatus used was a stainless steel enclosure that 

was fitted with a pneumatically operated piston (cf~ Oppenheim, et al. (8». 

There are three main elements in the apparatus; the compression chamber or 

test section, the driving chamber and the displacement control chamber. 

The chambers are separated from each other by bearings and seals, and con

tain separate pistons which are connected by an adjustable shaft (cf. 

Figure 1). 

The test section has four ports on the top and four ports on the bottom 

walls. The chamber can be purged and filled through these ports which may 

also be used for temperature and pressure measurements. The end block of 

the chamber also has a port which may be adjusted to allow for a variety of 

configurations. The test section, 38 mm x 38 mm, contains an aluminum 

piston that is fitted with teflon seals. The test piston is connected by 

an aluminum rod to another piston in the driving chamber. The driving force 

for this piston is provided by the pressure difference across the piston. The 

pressure is supplied from compressed gas stored in a large tank near thee 

apparatus. The flow through the driving chamber is controlled by a system 

of solenoid valves that are operated electronically. 

The displacement control chamber is filled with oil and contains a series 

of snubbers which vary in inside diameter. The controlling piston in this 

snubber section, which is connected to the driver piston, moves first in an 

area bf increasing cross section, then in a constant area and finally into a 

region of decreasing cross sectional area. The snubbers can be changed to 

provide for different trajectories and strokes. A typical stroke for the 

present experiments was 5 in (130 mm) with a compression ratio of 8 and a 

time interval of 30 msec. 

2. 
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The main shaft extends beyond the snubber section and is fitted with 

a steel rack with a set of teeth. Opposite the shaft is a magnetic pickup 

that senses the teeth as they pass by. The corresponding change in 

voltage is then recorded as a function of time (cf. Figure 2) which yields 

the piston displacement as a functio~ of time. To determine the pressure 

in the test section as a function of time, a Kistler pressure transducer 

3 

(SN 52036) was placed in one of the ports. The output is shown in Figure 2. 

To measure the temperature of the wall as a function of time, a thin

film resistance thermometer was used. This gauge was built to fit the 

end block, and also the side wall of the test section, and was mounted 

flush with the wall to avoid disturbing the flow. The resistance thermo-

meter consisted of a thin platinum film on an insulated backing. In the . 
present experiments platinum was painted on a machinable glass-

ceramic base (Macor, made by Corning Glass Works). The gauge was then 

baked in an oven to a temperature of 750°C to drive off the volatile 

constituents and to obtain a good metal-glass bond. Typically, the films 

had a resistance of 100'ohms with typical dimensions 1.3 cm x 0.3 cm. 

The resistance thermometer was connected as the active element in 

a D.C. bridge. A temperature change caused a change in resistance of the 

platinum film which caused an unbalance in the bridge. The resulting 

voltage was then amplified and displayed on a Tektronix oscilloscope 

(cf. Figure 2). For calibration purposes the resistance thermometer was 

placed in an enclosure that was thermally controlled and the voltage output 

of the bridge was recorded as 3 function of the temperature. The 

calibration tests were performed before and after the experiments and no 

,changes were observed. 

Numerous studies have been carried out with thin-film resistance 

thermometers (9-21). These studies have demonstrated the durability of 
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these gauges and their rapid response times. Indeed, calculations give a 

response time that is less than one microsecond and this has been confirmed 

by measurements that were made with these gauges in a shock tube. One 

important application has been in the determination of the wall heat flux 

based on the measured surface temperature histories. The evaluation of the 

heat flux is dependent on the properties of the insulating base, in parti

cular on the parameter (pck)~. The value of this parameter obtained directly 

from experimental gauge measurements for a pyrex base (13,16,21) is 0.036 

cal/cm20C sec~ (0.151 watt sec~/cm2°K) which is in very good agreement with 

the value calculated from the bulk properties of pyrex; namely, 0.035 

cal/cm20C sec~ (0.146 watt sec~/cm2°K). The value of (pck)~ for Macor based 

on the values of the bulk properties (22) is 0.033 cal/cm20C sec~ (0.138 watt 

sec~/cm2°K) and this is the value that has been used in the present experi-

ments. 

--
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ANALYSIS 

The determination of the heat flux during piston compression is 

based on the measured surface temperature of a thermally infinite solid 

(Macor) that is initially at a constant temperature. The solution for the 

wall heat flux is given by [16J: 

dT-
w dt 

dt 

To perform the numerical calculations for the heat flux it is more 

convenient to use the following form of Eq. (1) [16]: 

which does not involve mea~urement of slopes. 

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 end wall. ['Jeglectinq viscous 

- . dissipation and taking the pressure to be uniform yields the following 

one-dimensional equations of continuity and energy: 

lQ +a(pu) = 0 
at ax 

Pc [aT + uaTJ = d Poo a II aT) 
p at ax dt + ax \k ax 

(1) 

(3) 

(4) 

5. 



where x is the coordinate perpendicular to the wall. These are the same 

equations used by Isshiki and Nishiwaki (2.0). in their study of the 

effects of cyclic changes in an internal combu5tion engine and their analysis 

is used below. (For the simpler constant pressure problem refer to (18)). The 

continuity equa'tion is satisfied by a stream coordinate ljJ accordinq to 

~=~ pu=_~ 
p. ax ' p. at 

1 1 

where Pi is the initial density (or a density at a specified stat~) of 

the gas. Using the ideal gas law, p = P RT and a linear thermal condu-
00 

uctivity variation with respect to temperature, the. energy equation 

becomes in ljJ,t coordinates: 

aT = .r:!...!... dpoo 
at y Poo dt 

The transformation dT = (p /p. )dt (2.0) then yields 
00 1 

(5) 

(6) 

(7) 

The gas outside the boundary 1 ayer is assumed to be compressed isentropically 

so that p /p. = (T /T.)y/(y-l). Making this substitution yields 
00 , 00 1 

aT T dToo a2 T (8) = TdT + a.. dljJ2 aT 1 
00 

• 
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Then, introducing the variable ~ = T/Too into Eq. (8) gives (20) 

(9) 

subject to the conditions 

<1>($,0) = 1 

<I>(O,'[) = = T /T.(V./V)y-1 = <I> w 1 1 W (10) 

<I> (oo,'[) = 1 

Note that the wall location corresponds to $ = 0. 

The solution for the wall heat flux is then given by (16): 

qw,g = +k aTI kwpwToo r 1 d<l>w 
dT (11 ) - -

('[-T) II 2 ·d'[ w ax x=o p. bra. ) 112 
110 

or 

qw,g = 
kwpwToo rw(Tl-l + 1 JT ~w(Tl-~w('l d'} (12 ) -

p. bra. ) II 2 '[liz 2 (-)3/2 '[-'[ 

" 0 
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RESULTS AND DISCUSSION 

.Experiments were carried out in air and in argon with the thin fil~ 

gauge placed at the end wall of the compression chamber. Typical results for 

the unsteady heat flux as determined from both the solution of the con

duction equation in the solid, qw,s' and from the solution of the laminar 

. boundary layer conservation equations in the gas, q ,are presented in w,g 
Figur:es 3 and 4. The resutts for the heat flux from these two independent 

methods are seen to be in good agreement although we do have more con

fidence in the result based on the conduction analysis in the solid. 

This is because the calculation for qw,s only depends ~n the variation 

of the wall temperature, Tw' and the constant properties of the solid. In 

contrast, the calculation for qw requires the specification of: the . ,g 

variation of the thermal conductivity of the gas .with respect to 

temperature; the piston trajectory, that is, the volume of the compressed 

gas as a function of time; etc. It is noted that the determination of 
. t~ 

q s is influenced by the value of the parameter (pck)~, the non-zero w, 
thickness of the platinum film and the sensitivity of the gauge. On 

the basis of numerous investigations it has been concluded that the 

heat flux can be determined to an accuracy from ~ 5 to + 15 percent [16J. 

In the determination of the heat flux q ; the dependent variable w,g 

was shown to be <Pw = Tw/Tco = Tw/Ti(Vi/V)y-l. Calculations were carried 

out for constant and for time varying values of the wall tempera'ture, but 

because the variation in the wall temperature was small in comparison 

to the much larger variation of T , the results were essentially the co 

same. There are many applications when the variation in Tw is small 

8. 
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and is not measured (so that the conduction analysis in the.solid cannot 

then be used as the basis for determining the heat flux). Hence, for 

these applications qw,g (which is in good agreement with qw,s) provides 

the basis for calcu·lating the heat flux. In detail, for <PW(T} = 

-k p w w 

so that the heat flux is determined solely from the variation of T . 
00 

Of particular interest is the result for the heat transfer coefficient 

during piston comp\~ession which is obtained from the relation 

.- } 
dt ~ 

The results for h are presented in Figures 5·and 6 along with the values 

for V/Vi , Too' Tw and qw,s. The values for h based on qw,g are in good 

agreement with those based on qw,s and are therefore not shown. Note that 

the heat transfer coefficient first decreases with time but as the com-

pression continues, h reaches a minimum value and then increases with time~ 

(13) 

At the beginning of the compression the increase in the boundary layer 

thickness with time causes the heat transfer coefficient to decrease. However, 

as the compression continues the convective transport (in the boundary layer 

towards the wall) becomes more important, finally causing the heat transfer 

coefficient to increase as shown in Figures 5 and 6. This convective transport 

9. 
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is a result of the drop in the gas temperature between the outer region and 

the region near the wall and the associated increase in density near the wall. 

Indeed, the density increase is brought about by the convection of the gas 

towards the wall. Reference to [18] should also be made which considers 

this effect in respect to a constant pressure problem. 

It is noted that under ideal conditions the piston should come to a 

smooth stop at the end of the compression stroke. However, in practice 

the piston rebounds near the end of the stroke. This is accompanied by 

a decrease in the pressure which is followed by a slight rise as the piston 

completes the compression and then comes to the final position (cf. Fig. 2). 

In closing it is pointed out that there is some effect due to mixing 

in the gas resulting from the vortex that forms at the piston-wall inter

face [6 - 8]. This effect is directly reflected in the result for the 

heat flux from the conduction analysis in the solid via the measured wall 

temperature variation. However, in the boundary layer conservation 

equations in the gas any mixing effect must also be included as an 

additional convective transport mechanism. The omission of this contri

bution is consistent with the slightly smaller results obtained for qw,g 

in comparison to q s' Furthermore, the velocity of the piston directly w, 
imparts a velocity to the gas which has also been omitted in the boundary 

layer analysis. This is (also) consistent with the slightly smaller results 

for qw,g' 

. i 

10. 
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CONCLUSIONS 

The unsteady wall heat flux during piston compression of a single 

stroke has been determined by two independent methods. The heat 

transfer based on the laminar boundary layer equations and the piston 

trajectory yields results that are in good agreement with the flux 

obtained from the conduction analysis in the solid. This is true for 

end wall measurements that were made in air and in argon. Results for 

11. 

the heat transfer coefficient for all cases exhibit a non-monotonic variation ~ith 

respect to time. ' 
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NO~1ENCLATURE 

specific heat of solid 

specific heat of gas 

heat transfer coefficient 

thermal conductivity 

gas pressure 

heat flux 

gas constant 

time 

temperature 

gas velocity 

volume 

, coordinate normal to wall 

k/pcp thermal diffusivity 

ratio of the specific heats. 

T 
Too 

= temperature ratio 

density 

stream coordinate 

transformed time 

Subscripts 

g = gas 

i = initial 

s = solid 

w = wall 

00 = outside boundary layer 
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Figure 1 
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Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

LIST OF FIGURES 

Experimental apparatus'including (A) compression chamber, 
{B} driving chamber and (C) displacement control chamber. 

Typical oscillogram for surface temperature, displacement 
and pressure measurements. 

Heat flux variation. 

Heat flux variation. 

Measured and calculated variables. 

Measured and calculated variables. 
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