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with Laminar Energy Losses
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The effects of laminar heat-transfer losses on piston gas-heater performance have been
studied theoretically and experimentally. For the analysis, the gas is separated into an isen-
tropic ““core’” and a developing thermal layer over the ‘“‘wetted’’ wall. The heat-transfer
rate and thermal boundary-layer thickness are computed in a boundary-layer integral ap-
proach, using a zero-order similarity profile for the gas density. The equations were solved
with the help of a digital computer and several interesting solutions were obtained. Experi-
ments were conducted with helium and argon in a specially built gas compressor, with a pneu-
matically driven piston, generally performing one complete forward stroke and one reverse
stroke. The experimentally measured time history of the gas pressure (i.e., the average
energy density) was found to agree remarkably well with theoretical predictions. The pre-
sented computational scheme could potentially be applied to such shock tube and shock tun-
nel piston compressors where the piston velocity is much smaller than the speed of sound of
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the gas, as well as to a wide class of laminar gas flow devices using reciprocating pistons.

Nomenclature

wetted surface area

specific heat

reference length, dy = 4V,/4,

piston diameter

total internal energy of gas

gas-density similarity function, f(1) = (p — pw)/(pw —
pm)

dimensionless piston-motion function, { = g(¢)

dimensionless function, defined in Eq. (14)

specific enthalpy

dimensionless energy loss, defined in Eq. (24)

gas pressure

heat flux

dimensionless heat flux, defined in Eq. (25)

total heat-transfer loss, defined in Eq. (19)

time from start of piston motion

temperature

dimensionless piston velocity, defined in Eq. (25)

flow velocity perpendicular to the plane y = 0

compressor volume (time dependent)

work addition parameter, defined in Eq. (23)

coordinate in the direction of piston motion

coordinate in the direction perpendicular to the wall

specific-heat ratio

boundary-layer thickness parameter

main boundary-layer-growth parameter, defined in Eq.
(25)

= modified boundary-layer-growth parameter, eo =
e(1 — )t '

dimensionless wall distance parameter, n = /8

thermal conductivity

dimensionless piston position, ¢ = /2o

gas density

fraction of compressor volume occupied by boundary
layer gas, defined in Eq. (27)
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Subscripts

0 = reference condition at £ = 1.0 for isentropic compression
1 = initial condition at time ¢ = 0
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condition at the wall

condition in the isentropic “core”
“41,7 92,7 ... “13” = marked piston position in ex-
periment, defined in Fig. 3
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I. Introduction

EATING of gases is commonly performed with the help
of piston compressors. Pressure work from the moving
piston is transferred to the gas, and the temperature of the
gas raised according to the isentropic law T ~ p¥—1 if the
process is reversible. In real gas compressors, heat transfer
to the walls will be present, and as a result the compression
becomes irreversible with a lowering of the temperature and
pressure, compared to isentropic values for the same over-all
volumetric compression. For compressor applications, this
is in fact the desired feature, and in order to minimize the
work input, the heat transfer should be maximized (constant
temperature compression). To accurately predict the spatial
variation and variation in time of the gas properties within the
compressor during the compression is a formidable task.
At the present, no method or computational scheme with
demonstrated ability to accurately predict an actual com-
pression with heat losses is available in the literature.
Limiting the discussion to thermal boundary layers of
laminar nature without gravitational convection as for
rapid-heating devices, the over-all effect of heat transfer has
been observed, e.g., in free-piston compressors (e.g., Williard!
and Knéos??). Here losses have been found to be of ex-
treme importance to the over-all performance of the com-
pressor; they do in fact limit the practical usefulness of the
free-piston heater generally to less than 8000°K for a gas
with low-molecular weight if the problem is not given special
attention and proper design features are incorporated. A
most important and most hazardous property of the free-
piston compressor suffering from high-energy losses is a very
much higher peak pressure than an isentropic compression
(no losses) with the same energy input to the free piston. It
is of great importance for the further development of piston
heaters and other piston compressors that schemes for com-
puting the over-all effect of heat transfer be established, and
their practical usefulness checked in experiments.
The present experimental and theoretical study focuses on
piston compressions with unsteady laminar heat transfer to
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Fig.1 Nomenclature for the unsteady thermal boundary
layer (upper figure). Piston compressor geometry (lower
figure).

a constant-temperature wall. The freestream (core) gas
conditions are assumed to be spatially homogeneous, with the
core gas temperature equal to the wall temperature at the
start of a compression, and with given piston kinematics.
Most attention will be given moderate volumetriec compression
ratios of the order ten, and real-gas effects not acecounted for.
The presented theory will utilize a simple similarity concept
for the unsteady boundary layer for calculations of the heat
flux. This flux is thereafter used in a “wetted-surface’” model
for the calculation of energy losses in the compressor. The
presented computations are compared with measured pres-
sure data from an experimental rig, specially designed for
measurement, of the heat-transfer effects, and several inter-
esting features of the piston compressions quantitatively
revealed.

II. Theory
Basic Assumptions

For simplicity, we consider a gas compressor with uniform
thermodynamic conditions in the core outside a thermal
boundary layer, as indicated in Fig. 1. The piston velocity
is assumed small, and the gas velocities everywhere much
smaller than the speed of sound. The momentum equation
gives the trivial solution of uniform pressure in the com-
pressor. The boundary-layer characteristics, including the
unsteady heat flux to the walls, are assumed to be uniform
over the wall. The gas properties are perfect with a con-
stant value for the ratio of specific heats. At time ¢ = 0 the
piston motion is started with the gas temperatyre initially
equal to the wall temperature. The product (Apc,) for the
wall material is considered to be very much larger than the
corresponding quantity for the gas. Therefore, in the subse-
quent compression heating the wall temperature will not
deviate substantially from the initial value.

The heat flux and the development of the thermal boundary
layer in time will be computed from an integral energy equa-
tion, using a fictitious boundary layer developing over a flat
infinite plate, much similar to the classical Rayleigh problem
(Rayleigh,* Van Dyke®) or extensions thereof to thermal
boundary layers of high-temperature real gases (e.g., Knoss?).
The actual effect of compression or expansion of the bound-
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ary layer in a direction parallel to the wall is not accounted
for in the present heat-flux calculation; in the analysis the
heat flux will be computed for a case with gas motion solely
in the direction perpendicular to the wall. This heat-transfer
rate, as well as the boundary-layer thickness (which is a less
important parameter here), used in an over-all energy in-
tegral for the compressor gas together with isentropic ex-
pressions for the gas in the ‘‘core,” give a sufficient set of
equations and possibility of computing the gas pressure and
other parameters by stepwise in time forward-marching
procedure. The analysis will be carried only through one
forward and one reverse piston stroke.

. Breakdown of the present analysis will occur when the
boundary-layer thickness becomes so large that boundary
layers from opposite walls in the compressor interact, or
corner effects become important. In the computatlons we
will therefore carefully keep a record of the computed bound-
ary-layer thicknesses, noting that the boundary-layer thick-
ness can reach temporary large maxima that violate our
small thickness assumption, in spite of the thickness subse-
quently being acceptably small, e.g., near piston turning.

Boundary-Layer Equations

The conservation equations for mass and energy in the
unsteady laminar boundary layer flow with small flow ve-
locities can be written

Op/0t + (0/0y)(pv) = 0 (1
(0/0t) (ph) + (0/0y) (pvh) = (0/0y) (NOT/dy) + dp/dt (2)

Here, the gas density is denoted p, the pressure p (spatially
uniform), the temperature T, the enthalpy k, and the thermal
conduct1v1ty A. The coordma,te perpendlcular to the wall
is denoted ¥, and the gas velocity v, is positive in the y direc-
tion.

Integrating the energy equation across the boundary layer
to an arbitrary coordinate y outside the boundary layer, we
find

d v dp

% fo phdy + (poh)e = qu + ®)
Here, subscript « refers to the condition in the core, and
¢w t0 the heat-transfer rate at the wall, g = — (AT /y)u.
With the help of the equation for conservation of mass, Eq.

(3) can be rewritten
d (v d v dp
== ~ ha —y 4
I == fo phdy — he dtfo pdy —y @)
ph = [v/(v — Dlp (5

For a perfect gas we have
and hence Eq. (4) becomes
d e 1 dp
—_ o i _— 6
To = ho gy fo edy Y ©

With the thermodynamic conditions of the core changing
according to the isentropic law, as assumed, we have dp/df =
(Yp/p=)dpo/dt. The wall heat-transfer rate can then be
written in the following, simpler form

d ©
- = — — p(t))d 7
0® = h® 5, [T 0O = p0ly D
We introduce a zero-order similarity profile f(n) for the
density distribution within the boundary layer
® — p(®]/[pu®) — pu®] = f(m); n = y/8) B)

where 6(f) is a characteristic boundary-layer thickness.
The similarity function f(r) satisfies the conditions f(0) =



NOVEMBER 1971

1and f(») = 0. An alternate form for the wall heat-transfer
rate is then ‘

Gw = Nof'(n = 0)(Tw/0)(A — pe/pw) )

where subscript w denotes the condition at the Wall. In-
serting this result into Eq. (7), the following differential
equation for the boundary-layer thickness is found

d po\12 =22 = 0) Tupw P \?
i -2)]- 22 (-2)
dt[ pu ] [ sody = po

(10)

We choose initial values at ¢ = 0 to be
t=0: p=p; To=T,; To=T (11)

With isentropic freestream conditions and constant tempera-
ture of the wall we also have

% _ [T;’;it)]v/(v—l) _ [%%]y/(y—l) -

The differential equation ean be integrated to yield the follow-
ing expression for the boundary-layer thickness

—2f'(n = 0) (N [Tu\2/71
5<”=§W (). ()

tG(t) 1/2
= (Tw/Tm)V% (13)

Here G() is a dimensionless function (generally having
weak variation with time (%)

1 ft (1 —T./Ts)?

G = & Jo 0,/ THVG=D

dt (14)

Corresponding expression for the heat-transfer rate at the
wall is

© 1/2
—f'tn =0) ]  f(n)dn)
Gut) = F < fo > X

2

A-T,/T)? 1
(Tw/Te)?/ =1 [1G(6) 12

Tl()\pcp)ll/2 (15)

The negative sign should be used when T,/T. < 1, and the
positive sign when T,/T., > 1.

The similarity function f(5) has not been specified. From
the conservation equations it is possible to derive the follow-
ing relation, which should hold true at the wall of the com-
pressor

(0/0y)(NOT/dy)w = —dp/dt (16)

For our purpose, this could be rewritten in the more ap-
propriate form

©/0m) [(A/X)(@/0m) (pu/p) Ju = — (8*/NuTw)dp/dt  (17)

We see that the real density profile is affected by the tem-
perature dependence of the thermal conduetivity, and by the
value for the dimensionless parameter [(82/\,T.)dp/dt].
It is possible to account for nonsimilarity in the boundary
layer profile by using, e.g., a one-parameter density profile
and a von Kgrmén-Pohlhausen technique (see Schlichting?).
However, the heat-transfer calculation is not very sensitive
to a change in the boundary layer profile, and for the present
purposes the zero-parameter calculation will be ¢onsidered
adequate.
In the analysis we assume

(= 0)f " ftdn = ~1.0

PISTON GAS-HEATING WITH LAMINAR ENERGY LOSSES 2121

and f'(y = 0) = —1.0. The first parameter is most im-
portant for the heat flux calculation, and the second parameter
of minor importance and needed for an estimate of the
boundary layer thickness. It is interesting to note that

7't = 0)f 7 finn

takes the value —1.0 for such different density profiles as the
exponential f(n) = exp(—n), and f(n) = cos(wr/2)n with <
1.0.
Over-All Energy Equation

The energy conservation equation for gas trapped in the
piston compressor can be written

E—-E;

wD?
—4_ j‘o” Pdif/ - Qloss (18)
where

Qloss

Il

- [, 0awa (19)

Here, E is the total internal energy of the gas, z the piston
position coordinate, as shown in Fig. 1, D the diameter of
the circular piston, @Qoss the total energy loss from heat trans-
fer, computed from the initiation of the forward piston
stroke at £ = 0, and A (f) the exposed inner area of the com-
pressor (the “wetted” area). Denoting o the total length
of the forward piston stroke, Vi the initial compressor vol-
ume, Vo the compressor volume at the end of the forward
piston stroke, and A, corresponding “wetted’”’ area, the fol-
lowing geometrical relation is valid

A) = Ao+ @/D)V:i — Vo)A — x/x0) (20)

Using a characteristic length do, defined as dy = 4Vo/A4,, and
introducing £ = z/xo, the nondimensional ‘‘wetted” area
becomes

AR =AE)/4o =1+ @/D)Vy/Vo— DA =8 (21
Eq. (18) can then be written in the dimensionless form
E/E: =1+ [(V/Vo =t = 1][W(H) — L(H] (22)
Here, the work addition parameter W (£) is defined as

wD? fz
_Tﬁ) pdz AY
W =" = (= D) (7) X
1= Yo
Vi §

Vy/Voyr—1 —1 .fO pdg (23)
and the heat loss parameter L (£) defined as
& . Qloss . 72(2) 2 £ ~ d_g
=5 5= @wmon- (V(,/Vl)“/"l]fo a3

(24)

The parameter E; is a reference energy, equal to-the energy
content of the gas for piston position £ = 1 in a fictitious
compression without energy losses. Remaining parameters
are defined as

% = (r/xo)dz/dt; e = (1/do)(N/pcp) /2712
g _Tiep) P (25)

= = Qret =
qref

@uipz 0 P = o

LS

The characteristic time 7 is the duration of the forward
piston stroke, the dimensionless piston velocity is %, and the
reference heat-transfer rate is ¢ror. The dimensionless param-
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Table 1 Typical results from a numerical integration with ¢ = 0.20, v = §, V1/¥, = 8.5 and do/D = 0.57
£ r Po/p1 p/m Tuo/Ty  E/E |4 L 100G ¥ q 4
0 0 1 1 1 1 0 0 0 0 0 5.28
0.2 0.619 1.18 1.31 1.11 1.08 0.043 0.018 0.003 0.250 0.316 4.42
0.4 0.727 1.47 1.90 1.29 1.23 0.101 0.029 0.008 0.137 1.27 3.57
0.6 0.824 1.96 3.07 1.57 1.45 0.190 0.049 0.023 0.101 2.89 2.71
0.8 0.906 3.03 6.35 2.09 1.87 0.353 0.079 0.064 0.065 7.21 1.86
0.9 0.948 4.24 11.1 2.62 2.28 0.508 0.103 0.111 0.047 13.1 1.43
1.0 1 7.18 26.7 3.72 3.14 0.825 0.148 0.241 0.029 29.1 1.00
0.9 1.052 4.02 10.2 2.53 2.09 0.523 0.179 0.360 0.084 6.02 1.43
0.8 1.094 2.79 5.53 1.98 1.63 0.385 0.187 0.387 0.186 2.08 1.86
0.6 1.176 1.73 2.49 1.44 1.17 0.248 0.193 0.387 0.637 0.347 2.71
0.4 1.273 1.46 0.945 0.177 0.194 0.363 2.25 0.042 3.57
0.2 1.381 0.98 0.804 0.133 0.194 0.335 208 0.000 4.42
0 2 0.71 0.710 0.102 0.193 0.234 4.61 —0.022 5.28

eter € is a measure of a thermal boundary-layer thickness-
growth in the gas of reference pressure and temperature in a
time interval 7, divided by the characteristic length dy of
the compressor geometry. In summary, the parameters of
the problem are €,V1/Vy, do/D and .

The energy per unit volume of the gas is equal to p/(y — 1),
and hence not varying spatially. The following important
relation is therefore valid

p®/pr = (B/ENL/[1 — (1 — Vo/Vi)£] (26)

In the numerical analysis, the gas pressure is computed from
Eq. (26), with the energy ratio E/E; given by Eqg. (22).

Numerical Results

The described equations were used for computing the
thermal boundary-layer development in the piston com-
pressors, using a variety of combinations of independent
parameters. The piston motion was given independently.
It was specified by a normalized function ¥ = g¢(£), where
i = t/r, and generally taken as measured in the experi-
ments described in the following section. In the numerical
analysis the equations were solved with a step-by-step finite
difference technique with ‘“‘open” formulas for computing
the integrals. The forward stroke was generally divided in
100 steps or more, with smaller step size near the piston
turning point. The reverse stroke was generally not taken
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[ dy/D =057
| vq/vg = 850

HEAT TRANSFER RATE q (DIM. LESS)
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. . L I I I
] 0.2 0.4 0.6 0.8 1.0 0.3 0.6
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PISTON POSITION £

Fig.2 Computed typical heat-transfer rate and thickness

function for the thermal boundary layer.

symmetric in time with respect to the forward stroke; in the
experiments the reverse strokes were slower. The numerical
accuracy was carefully checked against exact solutions in
“dry runs” with no heat transfer, and the accuracy was
usually better than typically 107° in the peak pressure
ratio, which is a most sensitive parameter (and also experi-
mentally measured). The computational seheme was rapid.
In fact, to perform one caleulation of one forward and one
reverse stroke typically required only one second on a CDC
6600 digital computer.

In the numerieal analysis, the boundary layer thickness
was expressed by the nondimensional parameter ¥ (¢), defined
as

4468/dy

Vi
(1)

With the density profile in the boundary layer equal to f(»)
= exp(—n), the boundary layer will occupy all the com-
pressor volume when ¢ =~ 0.5. Hence, in order for the
present theory to be valid, the thickness parameter ¥ should
definitely satisfy the relation ¢ < 0.5. In the performed
analysis this condition was generally true in the forward
stroke for low and moderate values of the main parameter
e. In the reverse stroke, the condition was violated, at least
when the computed freestream temperature approached
the value T../T, = 1.0. Here the breakdown of the small-
thickness assumption is judged not to be of serious nature
for a continued indicative calculation of pressure and energy
according to Egs. (22) and (26), back to the initial piston
position £ = 0, since the energy loss-rate near breakdown was
generally small, and the loss parameter L(£) nearly constant.

Results from a numerical integration are summarized in
Table 1 for e = 0.20, v = §, Vi/V, = 8.5, and do/D = 0.57.
The function ¢(§) was chosen similar to an experimentally
measured profile. For simplicity it was taken to be symmetric
around { = 1, and as in all the simulated experimental tests,
the forward and reverse strokes were each divided into a
sequence of five linear motions. The computed peak pres-
sure at the piston turning point is p(¢ = 1)/p1 = 26.7, con-
siderably lower than the isentropic value p/p1 = 35.4 for no
losses. For & = 1.0 we find the energy ratio E/E; to be
approximately 159 lower than the value for the temperature
ratio T./T, and that the thermal boundary layer occupies
approximately 69, of the volume.

The peak volumetric compression-ratio for the freestream
248 I8 po/p1 = 7.18, and hence lowered from the given over-
all ratio V1/Vo = 8.50 by accumulation of cold and denser
gas in the boundary layer. At £ = 1.0 the work addition
parameter takes the value W = 0.825, which is substantially
lower than the loss-free value W = 1.0. In the reverse
stroke the gas returns a smaller amount of pressure work to
the piston than it received from the piston in the forward

SHAE) _
Ve T
Vo

Y= @7)
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Table 2 Numerical results, varying ¢, dy/D, and V1/¥; with g(¢) as in Table 1

£ =10
Piston turning-point parameters
~ - £ /1
€ do/D Vi/Vo P/ PL p/p1 Tw/Th E/E, w L ¥ G@=0) (=0
0 8.50 35.4 4.16 4.16 1 0 0 0 1
0.05 8.13 32.9 4.04 3.87 0.948 0.043 0.006 0.06 0.91
0.10 7.79 30.6 3.93 3.60 0.903 0.081 0.013 0.11 0.84
0.20 0.57 8.50 7.18 26.7 3.72 3.14 0.825 0.148 0.029 0.21 0.71
0.40 6.16 20.7 3.36 2.44 0.703 0.249 0.070 0.36 0.55
0.60 5.36 16.4 3.06 1.93 0.613 0.319 0.124 0.48 0.49
0.80 4.71 13.3 2.81 1.56 0.545 0.368 0.192 0.57 0.48
0.40 0.10 6.97 25.4 3.65 3.04 0.824 0.180 0.060 0.24 0.67
0.40 0.50 8.50 6.28 21.4 3.40 2.52 0.719 0.241 0.068 0.35 0.56
0.40 1 5.54 17.3 3.13 2.04 0.618 0.290 0.078 0.45 0.51
2 0.05 3.99 10.0 2.52 1.18 0.529 0.472 0.647 0.68 0.40
1 0.10 5.41 16.7 3.08 1.99 0.658 0.345 0.209 0.49 0.45
0.20 0.50 8.50 7.16 26.6 3.71 3.17 0.826 0.140 0.029 0.20 0.72
0.10 1 7.53 28.9 3.84 3.40 0.864 0.104 0.014 0.15 0.78
0.02 5 7.76 30.4 3.92 3.58 0.886 0.073 0.003 0.11 0.84
0.40 0.50 2.00 1.64 2.27 1.39 1.14 0.847 0.614 0.458 0.43 0.72
0.40 0.50 5 3.73 8.96 2.40 1.79 0.750 0.338 0.142 0.38 0.58
0.40 0.50 10 7.39 28 3.79 2.80 0.712 0.217 0.0565 0.34 0.56
0.40 0.50 50 37.2 415 11.1 8.29 0.657 0.077 0.006 0.27 0.60
stroke. The net amount of mechanical work given to the their product is constant. It is obvious that lowering do/D

gas in this example is W(0) = 0.102. The parameter for
total energy loss takes a maximum value I, = 0.194 at £ =
0.2, when the heat-transfer rate becomes zero, and the free-
stream temperature ratio T../7T is nearly unity. The heat-
transfer calculation is not correct beyond & =~ 0.64 in the
reverse stroke, since ¢ > 0.5; the computed values for
density and temperature are therefore not listed here.

Computed variations in the heat-transfer rate and the
boundary-layer thickness with piston position are shown in
Fig. 2. The thickness function ¢ shows an insignificant
local maximum in the forward stroke near & = 0.2 (with
To/T; ~ 1.10). The computed heat-transfer rate has a
very sharp maximum at & = 1.0 and shows significant
asymmetry around £ = 1.0.

Further numerical results are presented in Table 2.  Char-
acteristic data for the piston turning point are listed here, to-
gether with the computed piston position 7(g = 0) when the
heat-transfer rate becomes zero in the return stroke, which
with this zero-parameter model occurs when T./7; =
1.0. The final pressure p(§ = 0)/p1, which is equal to
E(¢ = 0)/E;y, is listed as well. The data is presented in four
groups, the first group showing the effect of e-variation,
keeping other parameters constant, including the piston-
kinematics function g(§). We find for increasing values of
e that the computed peak pressure and energy ratios de-
crease strongly. For example, in the first group for ¢ =
0.80, the energy ratio is as low as E/E; = 1.56 with T../T;
= 2.81 at 3 = 1.0, compared to E/E, = 4.16 for no losses.
It should be noted that although (¢ = 1.0) < 0.5 in this
group, the small-thickness assumption was violated during
part of the forward stroke for values ¢ > 0.40. Violation
occurred in the range 0.05 < £ < 0.29 for ¢ = 0.60, and with
a local peak value of Y(¢ = 0.18) = 0.89. The significance
of such a partial violation to the computed conditions at the
end of the forward stroke is judged to be small, due to the
small temperature rise in the gas (T../T) = 1.071 at n =
0.18 for € = 0.60).

The effect of a variation in the geometrical parameter
do/D, keeping other parameters constant, is shown in the
second group of Table 2. An increased value do/D will de-
crease p/p1 and E/E; at the piston turning point. A pure
variation in compressor-head geometry, i.e., changing do
with D and V,/V, constant, is shown in the third group of
Table 2. Both e and dy/D are varied in such a way that

(i.e., increasing the wetted area A, of the compression head
keeping the volume V, and D constant) the peak pressure
ratio p/p1 and the energy ratio E/FE; both decrease, and the
thickness parameter Y (£ = 1.0) increases. The computa-
tions reveal that the peak in the energy ratio E/I, occurs
before the turn of the piston, e.g., a peak E/E, = 1.28 at £ =
0.970 for the ealculation with e = 2.0 and dy/D = 0.05 in the
third group of Table 2. The fourth group of Table 2 shows
the effect of a variation in Vi/V, It is interesting to see
that increasing Vi/Vo, the work addition parameter W (¢ =
1.0) is lowered due to heat losses, but the boundary-layer
thickness funetion is smaller as well. For a high volumetrie
compression ratio, such as for V1/V, = 50, the cold boundary
layers can naturally hold a very large amount of dense gas.

III. Experiment

Apparatus

A small piston gas compressor was specially designed
and built for study of the heat-transfer losses. The experi-
mental apparatus is shown in the schematic drawing of Fig. 3

| 0.137 CM

DRIVER GAS
CHAMBER
ALTERNATE HEAD-
{HIGH-HEAT_TRANSFER)
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BYPASS CHANNELS

N - —

y NN L SERIEE P - B
£ : e
o - 3z1cm| . N t7 1f
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— = §
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1
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Fig. 3 Schematic drawing of experimental apparatus.



2124 8. KNGOS

Fig. 4 Photograph showing the experimental apparatus.
The stroke limiting rod arrangement is shown at the left,
and the compressor used at the right.

and the photograph of Fig. 4. The compression tube was
made of steel with a diameter of D = 32.1 mm i.d.; the piston
stroke was zo = 240 mm. Two different compression heads
were used, each with a volume of ¥V, = 24.2 cm®.  The low-
heat-transfer head with steel walls was eylindrieally shaped
with 44.5 mm i.d. and 15.6 mm depth, giving a wetted sur-
face area of 4g = 52.9 em?, and do/D = 0.57. The second
head designed for very high heat losses was made of
copper, and had 150 mm i.d. with 1.37 mm depth, giving the
much larger cooling area of 4, = 360 em?, and do/D =
0.084. With the high-heat-transfer head the computed
boundary-layer thickness rapidly exceeded the 1.37 mm
depth, and the present theory, therefore, was not applicable.
However, the experimental results for this head are interest-
ing and are reported here for completeness.

The theoretically designed value for the compressor volu-
metric compression ratio was Vi/V, = 9.0. Becausé of
movements of compression-head O-rings during the final
part of high-pressure compression, and due to finite piston
clearance, the actual compression ratio was lowered to
typically V,/V, = 8.6 = 0.1 for the low-heat-transfer head,
and to V1/V, = 8.3 == 0.1 for the high-heat-transfer head.

The piston was made of leaded steel and coated on its
cylindrical surface with a thin layer of spraycoated brass
material, which was machined and polished to give a maxi-
mum clearance of 0.05 mm to the honed steel compression
tube. The cylindrical surface of the piston had 84 mm length
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Fig. 5 Typical oscilloscope pressure records (with ditter-

ent sensitivities) of an experiment with the low heat-

transfer head. Upper beam is the piston-position signal.

Test gas helium, initial pressure p; = 0.340 atm. Mea-
sured peak pressure ratio pma.x/p: = 21.9.
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Fig. 6 Oscilloscope pressure records of an experiment

with the low-heat-transfer head and helium as test gas,

initial pressure p; = 0.680 atm. Measured peak pressure
ratio pm.=/p1 = 22.7.

with a spring-loaded dry teflon seal facing the driver gas,
as indicated in Fig. 3. This piston assembly was used suc-
cessfully for well over 150 tests, with no visible sign of damage.
The piston seal was periodically checked and found adequate
for handling pressures down to p; = 10 uHg of test gas, and
up to the maximum employed 50 atm pressure for the helium
driver gas.

The piston was driven forward by high-pressure helium
driver-gas, which was manually released into the driver vol-
ume from a storage chamber by the valve mechanism shown
in Fig. 2. The stroke-limiting rod assembly of aluminum
forced the piston to turn at the predetermined point, and
subsequently to perform a reverse stroke. After completion
of the major part of the forward stroke, driver gas was ex-
hausted through the bypass channels near the end of the
piston rod, when these channels exposed the driver volume
to the ambient air. A relatively rapid throw-back of the
piston was then assured. Frequently, one or two additional
oscillations occurred before the piston assembly stopped and
the energy was completely dissipated. The motion of the
piston rods was generally too rapid to be visually observed;
the stroke-limiting rods were therefore marked and their
initial and final positions registered in each experiment in
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Fig.7 Oscilloscope pressure records of an experiment with

the high-heat-transfer head. Test gas helium, initi?.l

pressure p; = 1.02 atm. Measured peak pressure ratio
Pmax/Pl = 11.2.
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Fig. 8 Oscilloscope pressure record of an experiment with

the low-heat-transfer head. Test gas argon, initial pres-

sure p; = 1.02 atm. The effect of heat transfer is visible,

e.g., from the difference in pressures in “forward” and
“reverse’’ strokes at position ‘13.”
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order to check that proper “cross-over’” of the linkage arms
had occurred.

The test gas was injected into the compressor volume after
repeated flushing with test gas and intermediate evacuation
of the compressor volume. The initial pressure was mea-
sured with a precision Bourdon gauge with better than
0.5%, accuracy. The initial gas and compressor-wall tem-
peratures were 22 &= 2°C.

The time history of the test-gas pressure in the compression
head was recorded on an oscilloscope during the piston motion,
using a flush-mounted piezoelectric pressure transducer
(acceleration-compensated Kistler Model 602R with silicon
rubber coating for thermal protection). The piston position
in the tube was recorded simultaneously by displaying dis-
crete voltage signals, obtained with an electric contact ar-
rangement, as shown in Fig. 3. The electrically grounded
contact was attached to the piston assembly, and performed
a linear sliding motion over a d.c.-charged metallic rail, con-
taining narrow, 1.5-mm-wide, insulator slits. When the
contact passed over the insulator region, a 6 v d.c. signal
was displayed on the oscilloscope. Thirteen insulator slits
were used. The slit spacing was 20 mm, except 10 mm be-
tween the “7”7 and “8” slits (see table in Fig. 3). The ir-
regularity in spacing permitted positive identification of the
origin of the recorded signals.

Experimental Results

Experiments were conducted with helium and argon test
gases, and with initial pressures in the range 20 mm Hg < p;
< 2atm. The forward stroke times were typically 20 < 7 <
100 msec. The measured peak velocities of the piston were
smaller than 15 m/sec, and much smaller than the speed of
sound in the test gas. As expected, presence of shock waves
within the gas were not recorded by the pressure gage; the
recorded profiles were smooth. The piston kinematics
generally showed piston acceleration to position “6” at § =
0.43, thereafter a relatively constant piston velocity to posi-
tion “11” at £ = 0.81, after which followed a rapid piston
deceleration and reverse motion. The first part of the re-
verse motion was nearly symmetric with the forward stroke
in time. The later motion was slower, and with new forward
stroke starting typically near the “2" or “3” positions (¢ =
0.10 and ¢ = 0.18, respectively).

Examples of oscilloscope records are shown in Figs. 5-8.
We see that the presence of heat-transfer losses is manifested
by a substantial lowering of the peak gas pressure from the
isentropic value, and lower gas pressures of the reverse mo-
tion than in the forward motion. The observed lowering of
the pressure and hence also the average energy density of
the gas in the reverse stroke was in some cases so significant
that the recorded pressure fell substantially below the initial
value p; at positions “2”7 or “3.” This effect was most evi-
dent with the high-heat-transfer head. In principle, such
cooling could be used for refrigeration purposes.

PISTON GAS-HEATING WITH LAMINAR ENERGY LOSSES 2125

40

p/py = 38.8 (NO LOSSES,
\\ WITH V4/V( = 9.0)
a5 p/pq = 35.3 (NO LOSSES,
- WITH V4/V( = 8.5)
o
B INITIAL PRESSURES
o 30
z SYMBOL P THEORY
g Ar He (atm) V4/Vg = 85
w 1.36
o« 25+ ° ® Vq/Vg = 9.0
2 o o 1.02 Mo = 9
a o o 0.680
g2/ o 9 0.340
¥ a a 0.136
£ - 0.0658 d /D = 057
Pl 0.0263 LCEJW . H;EAT
v 0.0136 TRANSFER HEAD
10 P - S P |
0.001 0.01 0.1 1.0

HEAT LOSS PARAMETER €4 (DIM. LESS}

Fig. 9 Collected data for the measured peak pressure

ratio with both helium and argon test gases and the low-

heat-transfer head. The data are plotted vs the di-

mensionless heat-loss parameter eq, defined as ¢y =

(1 — Eo)V2.  Excellent agreement is found with the theo-
retical predictions.

A wide range of compressions were studied with the ex-
perimental apparatus, covering loss-dominated compressions
(e.g., with helium and the high-heat-transfer head) as well
as compressions with small-to-moderate effect of heat transfer
(e.g., with argon and low-heat-transfer head). With the
low-heat-transfer head the measured peak pressure ratios
were in the range 15 < p/p < 30, and with the high-heat-
transfer head in the range 10 < p/p1 < 20; the isentropic
peak pressure ratio is p/p; = 353 for v = § and Vy/V, =
8.5. Helium gave lower peak pressure ratios than argon,
since the thermal conduectivity for helium is approximately
8.6 times larger than for argon and the anticipated energy
loss rate correspondingly higher for helium. A few tests with
helium of initial pressure p; = 20 mm Hg and the high-heat-~
transfer head gave as low peak pressure ratios as p/p; =~
9.8, indicating that the mean gas temperature near the piston
bounce was only slightly higher than the initial temperature
T:.

Estimates indicate that the wall-temperature rise in the
experiments were of the order of 1°K due to the heat transfer
from the gas. For practical purposes the wall temperature
could therefore be considered constant, as assumed in the
analysis.

Experimental peak-pressure data for helium and argon
with the low-heat-transfer head are presented jointly in
Fig. 9, and for the high-heat-transfer head in Fig. 10. The
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Fig. 10 Collected data for the measured peak pressure

ratio with helium and argon test gases with the high-heat-

transfer head. Here, the present theory cannot be used
for correlation.
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TFig.1 State variables r, 0, and V for optimal, constrained
re-entry.
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Fig.2 S;ate variables ¢, v, and ¢ for optimal, constrained~
re-entry trajectory.
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Fig.3 Control, acceleration, and heating rate for optimal
re-entry trajectory.

where
BzT=|:000000100000:|
00 00O0O0O0O0OO0OO0T1OC0
B,isa 12 X 2 matrix, and ®(f,2) is a 6 X 2 matrix.

Thus, ®(f,2) separates out the coefficients for A),, and

&(f,2) includes the other terms after realizing that Ar, and
A+, are zero. All other terms correspond directly to the
previous development.
"~ The numerical values for the initial conditions are ro, =
4035.758 miles (400,000 ft), 6, = 0.0 rad, ¢ = 0.0 rad, Vo =
6.8181818 miles/sec (36,000 fps), vo = 0.1134464 rad (—6.5°),
and ¥, = 0.0 rad. The terminal conditions are 6;, = 0.33
rad, ¢s, = —0.025 rad, and V;, = 0.5 miles/sec.

The initial multipliers for the unconstrained trajectory
shown in Ref. 12 will be used as initial multipliers for the
iteration procedure here. These values, guesses for the
unknown vector A., and guesses for t;, £, and ¢, are shown
in Table 1. The constraint altitude chosen is ra = 3995.0
miles. The same numerical integrator discussed earlier is
used here.

Approximately 32 sec of computer time on the CDC 6600
is required for each iteration of the constrained re-entry
trajectory. The method requires 104 iterations to con-
verge. Plots of the states, control, acceleration, and heating
rate are shown in Figs. 1-3.

The modified MPF does very well for the first few itera-
tions, and then the norm begins to decrease very slowly for a
considerable number of iterations. Over this interval, the
signs on the corrections of most of the variables oscillate back
and forth from plus to minus. Elements of the linear system
produced by the transition matrices change only in about
the third or fourth digits. The flight-path angle at ¢, over
this interval is near —60°. It is changing very rapidly near
the end of the trajectory, and, if the equations are integrated
for a few more seconds past the nominal final time, it quickly
approaches —90°. A singularity exists in the equations
at —90°, and accurate integration near this singularity is
very difficult. The iteration continues for about 70 itera-
tions, slowly increasing . After the flight-path angle is
changed to —35°, the method begins to converge very rap-
idly again. :

Another problem is that large corrections oscillating from
plus to minus are calculated at . The control along the
boundary segment is calculated from Eq. (36). If the time
calculated for & is sufficiently large, the velocity along the
boundary becomes small enough to make the absolute value of
cosf greater than one. This indicates that the vehicle
cannot fly at a specified altitude for an infinite time interval.
If the value of ¢, is larger than the maximum time interval
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part of the forward stroke, e.g. given by ¢ (¢ = 0.5)
0.241, and again thicker in the reverse stroke than for piston
turning, with breakdown at £ = 0.79 (in a fashion much
similar to that shown in Fig. 2).

A large number of detailed comparisons of experimental
and theoretical pressure profiles were made with helium and
argon test gases, usmg the measured correct piston kine-
matic funetion g(£) 4s input to the numerical analysis. In
all cases, the computed theoretical profiles correlated sur-
prisingly well with experiments, and confidence established
in the present theoretical model.

1V. Concluding Remarks

The analysis of gas heating characteristics in a piston com-
pressor with energy losses, which was based upon a chosen
value

7= 0) [ fydn = 10

for a zero-order similarity boundary-layer profile, was found
to predict the pressure-time history of such compressions to
remarkably good agreement with the experiments. In the
present set of experiments, the heating was relatively small
with peak temperatures of T < 1300°K in helium and argon.
The theory may in certain cases be extended to yield results
for much higher compression ratios and temperatures, e.g.
to T = 5000°K and higher, as' experienced in advanced
piston compressors for shock tubes and shock tunnels. Nat-
urally, proper account should then also be taken of possible
real-gas effects and energy losses through the mode of radi-
ation. For the shock-tube applications, the present zero-
parameter similarity approach could be sufficiently accurate
to predict energy loss characteristics of slow forward piston
motion in the compressor; characteristics of a possible reverse
piston motion are generally of little or no interest to these
applications. When the present computational scheme is
applied, one should carefully check the assumptions that the
piston velocity is indeed much smaller than the speed of
sound of the gas, that the thermal boundary layer is of a
laminar nature, and also that the small-thickness assumption
for the boundary layer is not violated in any phase of the
forward stroke, although at the piston turning point the
boundary layer may be temporarily thick, as demonstrated
in this paper. For the bypass piston tube (a high-perform-
ance piston gas heater studied by Kné6s?), in which gases
can be heated to temperatures above 10,000°K, an initial
high-speed injection of gas into the compression tube and
vortex formation with turbulence may prevent the uncondi-
tional application of the present scheme for calculation of
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energy losses. However, in the final part of the compression
of gas in the bypass piston tube, the turbulence may not be
present and the analysis applicable, preferably in a modified
mode to include radiative losses.

For application to devices such as general piston com-
pressor machinery, gas expansion refrigerators using recipro-
cating pistons, and possibly also closed-cycle hot-gas engines,
e.g., of the Stirling type, the present type of analysis could
give adequate prediction of the irreversible effects of heat
transfer. However, great care should be exercised in the
computations when the value for the freestream tempera-
ture T, is nearly equal to the wall-temperature value, e.g.
In an expansion process, since the boundary layer thickness
parameter § then will become infinitely large, provided that
the dimensionless function G is not zero [Eq. (13)]. In
computing the over-all effect of heat transfer, the thickness
parameter ¢ can be permitted to take values temporarily
much larger than unity, provided that the free stream and
wall temperatures are nearly equal. In situations with both
positive and negative values of the time-derivative of the gas
pressure, a logical extension and refinement of the present
theory would involve a one-parameter similarity profile, in
direct analogy to the method of von K4rmédn and Pohlhausen
for two-dimensional steady-flow viscous boundary layers.
Analysis with such a profile would mean a considerable com-
plication and require larger computational efforts, but
could logically be the subject for future study.
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