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HEAT TRANSFER DURING PISTON COMPRESSION INCLUDING SIDE WALL
AND CONVECTION EFFECTS

*

R. Greif, T. Namba and M. Nikanjam™
University of California, Berkeley 94720
Department of Mechanical Engineering and

Lawrence Berkeley Laboratory

ABSTRACT

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

non-monotonic variation with respect to time.

 *Present address: Nippon Steel Corporation, Tokyo, Japan
~ +Present address: Union Carbide Corporation, Bound Brook, New Jersey



INTRODUCTION

| The study of the heat transfer from a gas to the walls during ;iston
compression has been the subject of many investigations [146]; ‘Unfofiuhate]y,
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 altranspareht
non-reacting gas to the end wall of a channel during the piston compression of
a single stroke [7]. This eliminated expansion e%fects, radiation contributions,
cyclical variations, etc. The presentawork considers the heat transfer to the
side walls and also appraises and elucidates the importance of the various
transport contributions. A specification of the wall heat flux is also made

based solely on the piston trajectory.



EXPERIMENTAL APPARATUS AND MEASUREMENTS

‘A detailed deScfiption.of the system and measurements is available
[7,8] and oniy 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 cm x 3.8 cm
in cross-section, contained an aluminum pfston that was fitted with teflon
seals. A typical stroke for the experiment was 12cm with a compkession
ratio of 4 and a time interval of 30 millisec.

A steel rod which moved with the piseon 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. Figure 1), yielded the‘piston displacement. vfhe pressure was
determined from the output of a Kistler pressure transducer, SN 52036
(cf. Figure 1).

To determine the heat flux a thin film resistance thermometer was
used [4,?,8-13]1 It consisted of a thin platinum film that was painted_and
baked dh a ceramic base, Macor, made by Corning'GTass Works. The resQTt; |

ing gauge was mounted flush with the surface on the bottom wall and was

located a distance 2.54 cm from the end block. A temperature change ‘
caused a change in the resistance of fhe p]atinem film and the cor-
responding voltage was recorded during the piston compression (cf.
Figure 1). The resistance thermometer was calibrated in a thermally
controlled enclosure so that the wall temperature variation eould then
~be determined from the voltage output. The value of the resulting heat

1/2 of the insulating ceramic

flux is dependent on the parameter (pck)
base. This value is 0.033 ce1/cm2 °C sc-:c]/2 (0.138nwatt sec]/zlcm2 °K)

for Macor [7].



ANALYSIS
The determination of the heat transfer during piston compression is based
on the measured surface iemperaturevof a thermally infinfte solid (Macor) that
is initially at a cdnstant.temperature, T;- The solution for the wall heat

flux is then given by [14]

1/2
| = EEE) ty 4T, - :
qw.s ( m '(o (t - f)17; T dt o _(])

which can also be written ih the following form [14].

/2 ¢ — -
- (hee) T L RO T L
qw,s. ( i { gi/2 | f, E.fo * (t - fys/z‘dt (2)

~ Note that Equafion (2) does not require the measurement of slopes. Equations (1)
or (2) prpvide 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 dffferent heat transfer analyses.
and mechanisms in fhe gas.
An alternative approach for the détéfmihation.of the wall heat flux is
based on a solution of the conservation equations in the gas as épplied,to the
thin boundary,layer near the wa]].'.Neg1etting_viscou$ dissipation'andnﬁaking
the pressure to be uniform yields the following one-dimensional equations. of.

continuity and energy
o 4 3pw) - o - (3)

. 'dp : : : -
Ty wl} ' B (T
»p p [a‘tv * X ] it * x <k ax ) I (.4) |



where x is the coordinate perpendicu]ar to the wall. For the end wall
configuration x coincides with the direction of piston travel; for the side
wall configuration x 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
affirmed by integrating the equation of cbntfnuity to obtain

X \

pu = S—tf i (5)

0 o
It %s ﬁoted that this induced velocity would also occur whén there‘is no so-
ca]]ed'pﬁston velocity present, the motion being a result of the drop in the
gas fémbératUre at the wall and the associated increase in density as noted above. For
examp1é;“reference may also be made to [16] and the references therein where
the fef]ection-of a shock wave from a wall is studied. For this problem the
coo]ingleffect‘of the solid also extends into the gas (boundary layer) and
the flow of the gas towards thewall is induced in the same manner that is noted

above. As a consequence of this effect there is the convective transport of -

energy, pcpuggv, towards the wall (cf. Equation (4)).

To solve Equations (3) and (4) the stream coordinate ¥ is first

introduced according to

=

£ . N . W

Py 7 P o (6)
which satisfies the continuity equation. Then using the ideal gas law,
P, = PRT and a linear thermal cohductivity variation with respect to

temperature, the energy équation becomes in ¥,t coordinates (Issh{ki and

Nishiwaki 1)



.a.I'= ﬂ_l_dp + pooaz]’
. Y P

t - G 7 % Pt (7)

Making the transformation dt = (pm/pi)dt [4], assuming the gas outside the

boundafy Taye% undergoes an isenfropic process* so that

ERRE - S (8)

and ‘introducing the dependent variable ¢ = T/T_ yields [4]

2 .
d F} -
3%: “i;p% (9)

The initial and boundary conditions are:

¢(v,0) =1 |
: ‘ ' y-1 (10)
' ¢(09T) = Tw/Too = TW/T1(V1/V) = ¢W
| ¢(°°3T) =1

Note that the wall location corresponds to y = 0. The solution for the wall

heat flux is then given by

, ' k. p.T T d¢
= 1 - WW 1 W= .
qw’g o +kw ox o T 1/2 -— 1/2 — dt (]])
' x=0 pi(mi) 0 (t-7) dt .
or
k.o T (6 (01 T -9 (7 :
Qg = - { o+ ) AR d?} (12)
29 pi(“ai)l 2 /2 o (T_%)alz

*It is noted that the measured values of the pressure and the values that were
calcu]ated from the 1sentrop1c relation for constant specific heats, name]y
pVY = constant, were in very good agreement. _



RESULTS AND DISCUSSION

 In our previous study [7] experiments were carried out with the thin
film gauge placed at the end wall of the compression chémber. Results for
the unsteady heat flux from both the conduction relation in the solid,
Equation (2) for A, s> and from the laminar boundary layer equations of

continuity and energy, Equation (12) for q,.q° were in very good agreement.

g
This also proves to be true for side wall measurements that have been carried
out and typiéa] results are shown in Figures 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

, Wsg
also be obtained by making the approximation ¢w(1) = Tw(T)/Tw(T) = constant/T_(t)

so that Equation (12) becomes

q
w,g 4
p'i ('”ai )

(13)

T2

k.0, {T_w-Tm(T) , Tm(T)wa -1 (2)-1]] () }
L 2 ( =3/2
o T-1)

It is emphasized that when the wall temperature variation is small the heat flux,
a, g,is determined solely from the variation»of Tw(r). Under this condition,

that is, Ty = T;» Equation (13) may -also be written in terms of the variation

of the volume V(t) of the compressed gas; namely

T
- =7Y-1) _
ko Ty [1- vt 6' [\\5(1] dr
- T
Wog T ) 5 '2 =372 (14)
= py(may)” T? (t-1)°°

Note that pw/pi = pw/pi.



Results were also obtained by solving the explicit finite difference
forhs ofAthe conservation equatiqns in the solid and in the gas. The
so]ﬁtion was obtained by matching the temperature and the flux at the
wall sgbject to the required conditions at #= given by T (-»,t) = T; and
- T(+w,é) = T _(t). The results for the heat flux obtained by this method
(hot presented) are in very good agreement with the ya]ues of qw’g.
_Typica] results for the temperature profiles in the gas are given in
FiQuréé 4 and 5. Note that the thermal bgundary layer thickness 6th
Characterfzed by the locus of points corresponding to (TfTw)/(Tm‘Tw) = 0.99,
first increases with time but as the compression continues, a maximum
_yq]ue is rgathed and there is then a decrease with time. A separate plot
of-the thermal boundary layer Gth is presented in Figures 6 and 7 along

with other results that are discussed below. The velocity profile,

u(x,t), was also determined according to

P . T "Y/(Y"])
Tooat T TAT; at

and these results are presented in Figures 8 and 9.
The variation of the heat transfer coefficient is also of interest
/(Tm-Tw) and h

and the results for h_ /(Tw-TW) are shown

N qw,s g N qw,g

in‘Figures 10 and 11. It is seen that the heat transfer coefficients
ffrst decrease with time, bht as the compression continues hS and hg reach
a minimum value and then increase with time. The large discrepancies at
smai] times are due to inéccuracies associated with both the small heat
f]uxes ;h&vthe small temperature differences. The variation of the heat

transfer coefficients is discussed below. For completeness, the piston

trajectory, Vi/v(t), is presented in Table 1.

e ST
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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:

)

dp ‘
oT _ %= 3 (2T o
oc, =Tt o (K1) (16)

P
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
1 -2y -1)

g%_c%;>= ai<Ti)

DEExE W

Now, introducing the variable 6 = (T/Tm)2 and the transformed time

dr = (Tm/Tf)(Y"z)/(Y"])dt one obtains

2 N
30 = a;8 ~— (18)
T 1_ X ’ ,

subject to the following conditions:

1
8(x=,7) = 1 | | (19)
6(x=0,7) = (T /T)°

6(x,t=0)

The non-linear energy equation was solved numerica1ly'using the eXp]icit

finite difference method and the results for the heat flux, 9y g, no conv’

are preéented in Figures 2 and 3. The contribution to the energy transport

resulting from the induced velocity corresponds to the difference in the
heat fluxes, qw,g'qw,g,no conv

The results for the temperature profiles without convection have

, and increases with:time.



not been presented but it is of interest to observe the variation of the

thermal boundary layer thickness § (cf. Figures 6 and 7 ). It

th, no conv

‘ is_seen that § continues to increase with time tending to level

th, no cony
off at the end of the stroke. This is in contrast to the variation of the
therma] boundary layer thickness with convection, § th® which increased,
reached a maximum va]ue and then decreased with t1me A heat transfer

coefficient, h /(T -~ Tw) has also been calculated

g,no conv - %w,g,no conv
and the results are plotted in Figures 10 and 11. In contrast to the

variation of the boundary layer thickness, § s the variation of

th,no conv
hg no conv (as we]l as that of h and h ) is a non- monotonlc 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 thevcompression 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

Figures 10 and 11. 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
trénsport that is directly related to the piston velocity. This

| effect is included in the result for the heat flux from the coﬁduction :

analysis in the solid (qw,s) via the measured wall temperature variation.

" However, in the boundary layer conservation equations in’the gas this

8T
p oy
Also omitted in the boundary layer equat1ons is a m1x1ng effect resu]t1ng

contr1but1on, which would correspond to a pc_v= term, has been omitted. ’
from the vortex that forms at the piston wall interface [8, 19, 20], These

omissions are consistent with the slightly smaller results for Gy g For
) 9

*The convective transport contribution is only relevant to hS and h
since it is defined to be zero for the hypothetical h

g

» analysis.
g,no conv y



comp]eteness, 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 argdn. ”The
results weré obtained by“matﬁhing the temperature and the flux at the éhrface
subJect to ‘the requ1red conditions at + © given by T(-°° t) = Ti and T(+'$,t)‘=
T (t) For these cases the wall temperature variation was again sma]];_SOchat
Tw ~ Ti‘ and themresu1ts were substantially the gamelas previously'presented.

For completeness, it is noted that the heat'f1uwias slightly larger fof the

steel wall.

10.



CONCLUSIONS .

The unsteady heat tréhsfer to the side walls during the pisfon
compreSSion of a single stroke may be determined from the solution of the
laminar boundary layer equations in the gas. For small wall temperature
variat}OnS, the heat f]ux'may}be determined solely from the variétioﬁ of
the temperature outside the boundary 1ayek, T_» or alternatively, from
the piston'trajectory in the ferm of the volume of the cohpressed gas as |
a function of time. Results for the heat transfer coefficient for air
and argoh exhibit a non-monotonic variatioe with reSpect to time. The
results for the side wall measurements are in agreemeet with‘measurements_

that were previously made at the end wall,
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NOMENCLATURE

specific heat of solid

Specific heat of gas

heat transfer coefficient
thermal conductivity

gas pressure

heat flux

gas constant

fime

Temperature

gas velocity in x direction
vb]umev‘

gas velocity in y direction ~
coordinate normal to wall
coordinate parallel to wall

k/pcp thermaT diffusivity

ratio of the specific heats
thermal boundary layer thickness
T.,2

(T;)

I

Too

density

stream coordinate

transformed time

Subscripts

9
i

no conv

gas
initial

= no convection



.

solid
wall

- outside boundary layer:
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List of Figures

Typical oscillogram for surface temperature, dlsplacement and pressure
measurements

Heat flux variation

Heat flux variation

Temperature profiles in the gas
Temperature profiles in the gas
Thermal boundary layer thickness
Thermal boundary layer thickness
Velocity broff]es'in the gas
Velocity profiles in the gas

Heat transfer coefficient variation

Heat transfer coefficient variation

Table 1

Volume of the compressed gas as a function of time
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A V.V
Time Air Argon
Millisec Run 77 Run 81
0 1.000 1.000
2 1.005 1.008
4 1.011 1.017
6 1.017 1.028
8 1.023 1.041
10 1.032 1.064
12 1.045 1 1.101
14 Moon 1.162
16 "1.119 1.260
18 1.194 1.417
20 1.307 1.663
21 1.387 ’ 1.844
22 1.492 2,082
23 1.627 - 2.391
24 1.810 2.799
25 2.069 3.328
26 2.431 4.017
27 2.858 --
28 3.335 --

Table 1. Volume of the compressed gas as a function of time. (Vi = 230.2 cm3)
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