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PISTON DIMENSIONS AND UNDERCROWN COOLING

By J. C. Sanders and V. B. Schramm

SUMMARY

A theoretical analysis is presented that permits estimation of
the changes in piston-temperature distribution induced by varia-
tions in the crown thickness, the ring-groove-pad thickness, and
the undercrown surface heat-transfer coefficient. The analysis
consists of the calculation of operating temperatures at various
points in the piston body on the basis of the experimentally deter-
mined surface heat-transfer coefficients and boundary-region tem-
peratures, as well as arbitrarily selected surface coefficients.
Surface heat-transfer coefficients were estimated from the internal
temperature gradients obtained by hardness surveys of aluminum
pistons that had been operated under severe conditions in a liquid-

cooled, single-cylinder, 5%- by 6-inch test engine.

The results of the analysis indicate that many piston-cooling
problems can be satisfactorily investigated by analytical methods
when boundary conditions are known. Control of piston-temperature
distribution by design alteration is limited where undercrown cool-
ing is insufficient; but under conditions of adequate undercrown
cooling, temperature distribution can be controlled. The heat
balance for the piston-cooling load may indicate preponderance of
flow in the direction of the cylinder wall or the crankcase atmos-
phere, but in either case, it is not a criterion of satisfactory
temperature distribution.

INTRODUCT ION

Previous investigations of piston-temperature control and
heat-transfer characteristics (references 1 to 7) have led to
divergent concepts of the piston-cooling process from which two
generally distinct design principles have evolved. A typical
piston design, ‘which is based on the theory that heat dissipation
occurs primarily through the piston rings, the ring lands, and the
skirt to the cylinder wall, is illustrated in figure 1(a) This
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general design, developed from extensive experimental and theo-
retical research, necessarlly embodies a highly conductive heat- -
flow path from the crown to the ring-groove and the skirt sections.
This design was successful in maintaining reasonable crown and
ring-belt temperatures at the relatively low specific power out-
puts encountered at the time of its development. (See references 1
and 2.) The heat balances reported in references 1 and 2 indicate
that the amount of undercrown cooling was very small. Theoretical
analyses (references 3 and 4), which assumed negligible undercrown
heat transfer, confirmed the results observed in the experimental
work.

Another distinct type of piston design that has been developed
for many engines of relatively high specific output is illustrated
in figure 1(b). Successful application of this design depends, for
most purposes, upon the inherent capacity of some types of engine
for natural undercrown convection cooling, or in other types upon
the auxiliary cooling supplied by special oil jets directed at the °
undercrown surface. Representative investigations of this design
are described in references S5 to 7.

Theoretical analysis, based on experimentally determined sur-
face heat-transfer coefficients, seemed likely to disclose gener-
ally applicable trends that would aid qualitative solution of
piston-cooling problems. '

Calculations were therefore made at the NACA Cleveland labora-
tory in 1945 to estimate the effect of crown and ring-groove-pad
thickness on piston-temperature distribution for several values of
the undercrown-surface heat-transfer coefficient. The surface
coefficients for the calculations were estimated from hardness
surveys (references 7 and 8) of pistons that had been operated in
a single-cylinder, liquid-cooled, 5%- by 6-inch test engine. Cal-

culations were also made with arbitrarily selected surface coef -
ficients to permit extension of the range of the analysis.

PISTON-COOLING PROCESS

The piston body is comnected to the working fluid, the
cylinder wall, the undercrown atmosphere, and the connecting rod
through conductive films, and to the other combustion-chamber
surfaces, valves, and parts of the crankcase and crankshaft
assembly by radiation. The temperatures of these regions may be
initially considered independent variables so far as the piston-
temperature analysis is concerned. The piston becomes a connecting
link between the heat sources and the heat sinks, and temperature
distribution becomes a dependent element.
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The variables shown in figure 2 were selected for the analysis.
The boundary-temperature conditions are the wall temperature, the
temperature of the undercrown air and oil mixture, and the effec-
tive gas temperature for the combustion-chamber surface of the
piston, which are denoted Ty, T,, end Tg, reapectively. The

piston body is connected to these regions through conductive films

represented by the surface coefficients k,, k,, and k In

order to make the solution representative of an actual operating
condition, these temperatures and coefficients were estimated from
experimental data. The most significant design changes can be
represented by variations in crown thickness C and ring-groove-
pad thickness R, inasmuch as it is relatively simple to vary the
thermal conductivity of wvarlous paths through the piston by select-
ing different combinations of these dimensions. The calculations
yield temperstures for a number of points throughout the piston,
but the presentation of results includes only values for the sig-
nificant center-crown and ring-groove-pad temperatures.

THEORETICAL ANALYSIS

Description of network. - The analysis is limited to a two-
dimensional system that may be revolved to form a camplete cylin-
drical body of revolution. As a result of this limitation, the
hot spot on the crown surface 1s shifted to the geametric center
and the calculated temperature distribution of the body is concen-
tric with the gecmetric center. The two-dimensional analysis pre-
cludes consideration of the conductive path through the pin bosses
to the connecting rod and to parts of the upper-skirt section.

The additional simplifications are the assumption of a perpendicu-
© lar junction of the crown and the ring-groove-pad sections and
elimination of the lower piston-skirt section.

The body of revolution is subdivided into simple geametric
sections that are replaced by a two-dimensional network of paths
comnecting various points for which the temperatufes are calcu-
lated. The relation of the network to the piston body is shown in
figures 3 and 4(a). Figure 3 illustrates the network as it would
appear in a transparent sector of the assumed body of revolution.
Points A and 3 represent the center-crown and ring-groove-pad
temperatures, respectively, and the computed data for these points
are used in the final presentation. '

Heat is added and removed through the point on each surface
at which the heat flow may be assumed concentrated, and the tem-
perature of the point is assumed to be the equivalent mean tem-
perature of the surface being considered. The intermal points ‘and
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paths of the network form heat-f1low paths between the boundaries,
as shown by the arrows in figure 4(a), and it is through study of
the changes affected in the resistance of these paths by design
changes that the effect on temperature distribution is estimated.
The heat dissgipated from the lower piston-skirt section is gener-
ally quite small because of the limited temperature gradient that
exists between 1t and the cylinder wall even with low values of
undercrown heat transfer; it was therefore considered reasonable
to approximate the heat-flow path from the upper body of the piston
to the lower-skirt section by applying the undercrown coefficient
in the region of point 12 (fig. 4(a)) to the annular area, repre-
sented by the cross section at the Junction of the body and the
skirt. The thermal conductivities of the rings, the ring lands,
and the surface films in the immediate area of the ring belt are
combined and applied in the analysis as an over-all coefficient
because the hardness surveys used to estimate the surface coef-
ficients were lnadequate for a close study of the ring grooves and
the ring lands. No path connects point 2 with the cylinder-wall
gurface because temperature distributions obtained by hardness sur-
veys 1ndicate that, as a result of the relatively large relief
machined on the outside diameter of the top land of the piston
used in this investigatlion, there is no wall contact and little or
no radial temperature gradient in this area during normal opera-
tion. Under some conditions it may be necessary to include this
path in the network.

A solution for temperature distribution may be obtained by
simultaneous equations presented in this analysis, by relaxation
methods, or by substitution of data in an electrical network
analyzer (reference 9).

Network theory. - It 1s first necessary to develop equations
that relate the temperatures of ad jacent points or boundaries in
terms of the over-all thermal conductivites of the connecting
network paths. By combination of the individual thermal conduc-
tivities of the contributing network paths, the twelve-point network
can be reduced to a simplified four-point network, which is illus-
trated in figure 4(b). The network paths that connect the central
points to the boundary-region points now include conductivity of
the piston body and the surface film. The conductivity of each
path is made equal to that of the piston section or surface film
- that it replaces, and is related to temperature differential and
heat flow by the steady-state equation

kA
Q=7 4T ] (1)
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where
q  heat-transfer rate between points, (Btu/(hr))

k thermal-conductivity coefficient of metal,
(Btu/(hr)(sq in.)(°F/1in.))

A mean cross-sectional area, (sq in.)
x mean thickness of section, (in.)
AT  temperature gradient between points, (CF)
When a surface film is considered, the term k/x 1s replaced by
k', which is the surface heat-transfer coefficient for the film in
(Btw/(nr) (sq 1n.)(°F)). |

The following equations, which are based on equation'(l), nay

. be established for point 1 in the reduced network shown in
figure 4(b): '

2.1 = Egq (Tg -T) : (2)
Bz e (M -T) (3)
Yo=K, (Tl - To) | (4)

When a boundary is referred to, the subscripts g, o, and w
denote the gas, the undercrown regions, and the cylinder wall,
respectively.

In these and in subsequent equations, K 1is the over-all _
conductivity in (Btu/(hr)(°F)) between the points and the boundary
regions denoted by the subscripts and will be derived from the
geometry of the section and the values for k and k'.

Because the sumation of the heat flow into and avay from a
point is zero,

Ké—l (Tg - Tl) - Kl-z (Tl - T2) -_Ki_o (Tl - fo) =0 (5)

When this equation 1s solved for T, the following expres-
sion is obtailned: A .
Kg-l T

+ K T + K T
. 1-2 2 1-0 “o o
g . . (6)

Kg-—l + Kl—2 + Kl-O .

Tl=
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By a similar process, the equations for the three other basic
points in figure 4(b) may be established. The four equations were
solved simultaneously for one of the piston temperatures in terms
of the boundary-region temperatures and the conductivities of all
the network paths; the solution was then reversed to evaluate the
remaining temperatures. Inasmuch as point 1 1s located where the
heat flows may be assumed concentrated, T, represents the mean
temperature of the center-crown section. The local value T,,
which represents the center crown or hot-spot temperature (point A,
fig. 3), can then be computed from the local crown and undercrown-
surface coefficients and T;.

DETERMINATION OF BOUNDARY CONDITIONS

Two pistons were operated in a single-cylinder, liquid-cooled
5%- by 6-inch test engine for 5 hours at the conditions listed in

table I.

The undercrown oil flow from directed Jets was set at 2.2 to
2.5 pounds per minute in accordance with estimates of the under-
crown oll flow normally encountered in a multicylinder engine.
Comparison of hardness surveys made for pistons fram multicylinder
and single-cylinder engines indicates that except for the area of
Jet impingement, the specified flow from the jets closely repro-
duces in the piston of a single-cylinder englne the temperature
distribution obtained in those of a multicylinder engine for the
same engine operating conditions. '

Boundary Temperatures

The values for Ty, and T, selected from the operating data
were 260° and 220° F, respectively. In the absence of specific
data for the effective gas temperature for the piston crowm, a
value of 1200° F was selected for T, on the basis of data for a
cylinder head reported in reference %O.

Boundary-Surface Coefficlients

An indirect technigue for determination of local surface coef-
ficients from internal-temperature gradients, which are determined
from age-hardening characteristics, has been available for some
time but is not widely used. The aluminum-copper alloys commonly
used for piston forgings possess age-hardening characteristics that
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are sufficiently reproducible for a limited range to permit cali-
bration on the basis of time, temperature, and hardness. Data for
this calibration must first be obtained by heating samples under
accurate control conditions. If a plston 1s installed in the
engine at its condition of maximum hardness and run at constant
engine conditions for a specified length of time, the internal
temperature gradients can be determined by cutting the piston ‘along
the desired planes, making a hardness survey, and applying the
calibration. During operation in the engine, each point 1in the
plston is aged at approximately constant temperature for the speci-
fied time, thereby reproducing the operation performed on the
gsample in the furnace. This method was used by Gosslau (refer-
ence 7) for isothermal mapping of piston sections and for quali-
tative study of plston-heat flow and design modifications.

The calibration for 325-T aluminum alloy in figure 5 gives the
relation between operating temperature and measured room-temperature
hardness for 5 hours at the specified temperatures. The scale of
Brinell hardness number corresponding to the Vickers ocular read-
ings for the specified low, indentor, and microscope obJjective 1s
also given. The indicated scatter band of #13° F represents
unfavorable conditions because the samples cut from a used piston
were individually solution-treated and aged, thus introducing
variations in heat treatment in addition to the scatter normally
encountered from physical variations in the metal structure of a
gingle large sample. This variation 1is evidenced by the wide
scatter of room-temperature initial hardness, which would ordi-
narily be very close to a Brinell hardness number of 130. Com-
parison with data from reference 8 indicates that within most of -
the useful range, the mean hardness -temperature relation is not
critically sensitive to the past history of the sample. In hard-
ness surveys made after operation of a new piston, most of the
data fell w1thin a scatter band of +5° F, although occasional
points were +50° F from the mean of adJacent readings.

In order to obtain the surface heat-transfer coefficient, the
following procedure was used: ' The piston was cut along a plane
normal to the piston surface to be analyzed and a hardness survey
was made (fig. 6). A plot of these data for two parallel rows
0.05 and 0.15 inch from the crown surface, after conversion from
hardness values to temperature values, is shown in figure 7(a);

a similar plot is shown in figure 7(b) for two rows 0.10 and

0.20 inch from the undercrown surface. In order to minimize the
effects of scatter, smooth curves representing temperature varia-
tion are drawn through the points in each row. The vertical dis-
tance between the two curves represents in each case the temperature
gradient at each station across the 0.10 inch thick layer of metal
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and may be substituted in the Fourier equation with the thermal
conductivity of the metal (8 Btu/(hr)(sg in.)(°F/in.)) to solve
for the heat flow at each station perpendicular to the piston sur-
face being analyzed. It is assumed that this normal component

does not change in traversing the remaining distance to the surface.
The numerical heat-flow value obtained by this operation is again
substituted in the Fourier equation with the temperature gradient
from the surface to the boundary region to calculate the surface
heat-transfer coefficient at each station.

The coefficients obtained from the data shown in figure 7
appear in figure 8. The undercrown surface of the piston was
cooled by high-velocity oll Jjets, one of which struck the piston
at a point in the plane along which the section was cut. The high
local coefficient at this point was not directly considered in
gelecting a representative value for the calculations. The dashed
lines in figures 7(b) and 8(b) show the results of neglecting this
local value; the final selection was slightly higher than the aver-
age obtained on the basis of this apovroximation.

In figure 8(a), the coefficients for the crown surface derived
from the data in figure 7(a) indicate that the hot spot falls
opposite the region of maximum surface coefficient. The center
line was transferred to the peak of the curve and representative
values for the calculations were selected from the assumed curve
at the appropriate radii, as shown in figure 8(a).

, The experimentally determined average coefficients used in
the calculations are listed in table II.: These values are repre-
sentative of a number of pistons that were analyzed with the
exception of the coefficient for the section behind the ring
grooves, which was estimated from the difference between the known
heat Input at the crown surface and the known dissipation from the
undercrown; ring-belt, and skirt surfaces. Because the surface
coefficients were determined from the normal temperature gradients,
they may include a radiation factor of undetermined magnitude,
which is rightly included in the analysis of temperature
distribution. .

- A degree of experimental confirmation is found in the data
obtained by Manganiello and Bogart (reference 11) on surface coef-
ficients between a heated piston and a reciprocating sleeve. A
coefficient of approximately 3.2 (Btu/(hr)(sq. in.)(°F)) was com-
putéd from correlation data in refercnce 11 as compared with a
value of 2.5 (Btu/(hr)(sq in.)(®F)) reported nerein. . - :
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PROCEDURE AND ACCURACY

In order to check the network equations and the suitability of
the coefficients, a series of preliminary calculations were made to
check the temperature distribution and the heat balance of a piston
that was used for the hardness survey. Any large error in a coef-
ficient would appear as distortion of the temperature distribution,
and after small adJjustments the coefficients given in table II were
selected as satisfactory.

In figure 9, the temperatures obtained in the calculation are
compared with the temperature distribution obtained by a hardness
survey. The values of observed temperature in the section perpen-
dicular to the pin axis are used for comparison with calculated
values because they are influenced the least:by the pin bosses.
The shift of the peak-temperature location toward the exhaust side
of the piston makes direct comparison impossible inasmuch as the
isothermals in the calculated example are concentric with the
geometric center. The camputed value of T, (525° F) based on
local surface coefficients at the center, however, represents the
hot -spot temperature at the location between the crown and the under-
crown surfaces indicated by the symbol A. The final plots were
made using data for T, based on average coefficients. Local
coefficients were not used at the center of the crown for the
calculations made with assumed average undercrown coefficients
because the variation of local undercrown coefficients is unknown
for the other opersting conditions assumed. The data for center-
crown temperature in figures 10 to 12 are lower than the hot-spot
temperature by about 10° to 15° F as a maximum. The calculated
temperature distribution obtained with the experimental boundary
temperatures and coefficients and with measured piston dimensions
was selected as the reference point for comparison of distributions
obtained with altered boundary conditions and altered internal
dimensions. .

A series of calculations were made to investigate the changes
induced in the temperature distribution by variations in crown and
ring-groove~pad thicknesses. The surface coefficients and boundary
temperstures were kept constant at the experimentally established
values. The range of the analysis was then extended by arbitrary
variation of the average undercrown surface coefficients to deter-
mine the effect of change in the undercrown cooling condition for
the same range of design dimensions. The trends calculated by
arbitrary variation of the boundary coefficient may be considered
only as a qualitative evaluation. It was assumed that the other
coefficients remain constant; during actual operation, however, the
large changes in piston temperature that result from variation in
the undercrown coefficient would probably affect other boundary and
surface conditions.
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RESULTS AND DISCUSSION

The analysis was made for a particular range of boundary con-
ditions that represent severe operating conditions; the results may,
therefore, not be numerically representative of more moderate oper-
ating conditions. The trends shown are believed, however, to be
generally representative and applicable to most 1nstallations
assuming at least a qualitative evaluation of the particular bound-
ary conditions that may be encountered. Unique conditions found in
some types of engine may require entirely different concepts of the
cooling process and appropriate design requirements. In any cass,
if the boundary conditions can be estimated, a process similar to
this analysis may be of assistance in indicating possible methods
for improving performance of the piston. '

The results of the calculations are presented in the form of
isometric projections to show the relation of the crown thickness,
ring-groove-pad thickness, and undercrown-surface coefficient to
operating temperature. The crown thickness C and ring-groove-pad
thickness R are expressed as percentages of the radius of the.
cylinder bore to facilitate comparison between pistons of various
design. :

The surface shown in figure 10 represents the variation of
ring-groove-pad temperature with the undercrown-surface coeffi-
clent k, and ring-groove-pad thickness R at a constant value
of crown thickness C of 30 percent of the radius r. All bound-
ary conditions, with the exception of k,, are also constant and
represent the operating conditions in tables I and II. From any
point on the shaded surface that represents operating temperature,
an increase in k; or a decrease in - R results in a decrease in
ring-groove-pad temperature. The rate of change of temperature
with k, 18 greatest at low values of k,, which indicates that
the greatest improvements are obtained with the first increments.
It is also apparent that sensitivity of ring-groove-pad tempera-
ture to R 18 greatest in the range of thin sections.

The light shaded surface in figure 11 represents the center-
crown temperature for the same conditions and for the same range
of variables. The effect of k, on crown temperature is more
pronounced than on ring-groove-pad temperature at the lower values,
but the crown-temperature reduction obtained with successive
increments in kg, rapidly diminishes. The variation of crown
temperature with R 18 negligible in the range above the experi-
mentally determined value for k, of 3 (Btu/(hr)(sg in.)(°F)),
but becomes more pronounced for the lower values of ko, particu-
larly with very thin ring-groove-pad sectione. : S
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In order to present a more complete picture of this process,
the data computed for a thin crown section of 8 percent of the
radius r may. be superimposed on figure 11 resulting in the final
plot shown in figure 12. In this figure, the temperatures obtained
for a thick crown (30 percent r) are represented by the light
shaded surfaces and for a thin crown (8 percent r) by the dark
shaded surfaces. Varlations of ko and R with the thin crown
have the same effect on ring-groove-pad temperature as with the
thick crown, although the temperature level is lower throughout
the range. A decrease in crown thickness C to 8 percent results
in a large increase in crown temperature at very low values of Kk,
(0 to 1 Btu/(hr)(sq in.)(°F)), and a decrease in crown temperaturs
with high values of k, (3 to 5 Btu/(hr)(sq in.)(°F)). It is '
clear fram figure 12 that the undercrown coolant has a dual role
in piston-temperature control. In addition to the direct-cooling
effect, the effect of a change in crown thickness is so modified
by a change in k; that the trend of crown-temperature variation
is reversed. For any particular value of R, there is a value
of ko at which crown thickness has no influence over crown tem-
perature. This transition point marks, in a sense, the change
from primary cooling through the cylinder wall to primary cooling
through the undercrown atmosphere; it 1s apparent that the design
criteria are different in each case.

The early experimental work by Gibson (reference 1) and Baker
(reference 2), from which evolved the common design of a light-
alloy piston characterized by heavy sections and a generous under-
crown radius, was done in engines of relatively low specific output.
The heat balances reported indicate that the investigation was per-
formed under conditlons that produced a low undercrown-surface
coefficient; because crown-temperature control was the primary
obJjective, the design selected made the best possible use of the
available cylinder-wall cooling. The reason 1s clearly shown in
figure 12; for low values of k,, the lowest crown temperatures
are obtained with thick crown and ring-groove-pad sections because
the maximum conductivity of the path from heat source to coolant
is obtained. It is also apparent in figure 12 that this high
conductivity results in maximum ring-groove-pad temperatures.
Conversely, if ring-groove-pad temperature is reduced by decreasing
the conductivity of this path, excessive crown temperature is
likely to result. The temperatures indicated in figure 12 for the
condition of k, = O are very sensitive to the value assumed
for T8 in the calculations and therefore unreliable except to

show the trends and relative values.

'In many cases, the increase in engine performance resulting
from noimal development was limited by ring distress caused in part
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by excessive ring-groove-pad temperatures encountered when the con-
ventional design was retained. This digtress did not necessarily
appear in all types of engine. Although some designers were forced
to search for an improved method of temperature control, others
were able to continue the use of the conventional design. It is
believed that this digression was largely due to increases in
rotative speed and the wider use of high-pressure oil systems, that
combined their individual-effects to increase the natural under-
crown cooling, .

The results of the calculations show that effective control of
plston temperature can be achlieved through increase in the under-

‘crovn coefficient and that the greatest gains are obtained with the

first increments. This observation is confirmed in references 5
and 6 as well as by unreported experiments made at this laboratory.
It can be seen in filgure 2 that the addition of adequate undercrown
cooling so alters the operating conditions that the relatively long
radial heat-flow path from the center of the crown to the ring-
groove pad becomes of negligible importance. The heat-flow path
to the primary coolant under the crown is made short and could not
very well result in Bevere axial temperature gradients. In addi-
tion, the auxiliary coolant may impinge indirectly on the area
behind the ring-groove pad and provide a second path for cooling
from this point. This situation makes possible adequate control

of ring-groove-pad temperatures through the use of thin sections of
a low conductivity material such as steel, or any modifications
such as "heat dam" construction, without adverse effect on crown
temperature. It is then possible to develop light-weight designa
subject only to limitations such as strength, rigidity, or fabrica-
tion. Provision for additional oil-cooling requirements may be
necessary in some cases, but freedom from performance restriction
would prove a sufficient compensation. An example of such per-
formance restriction was found in a recent German aircraft engine
(reference 12). The piston of this engine limited operation to a
mean effective pressure 30 pounds per square inch below the knock-
limited mean effective pressure of the fuel used. Attempted opera-
tion near the knock limit resulted in excessive piston-crown tem-
perature of the order of 650° F, as well as severe piston-ring
distress. The design of this piston was similar to the one shown
in figure 1(a). It can be seen from figure 12 that with a low
value of ko (for example, 1 Btu/(hr)(sq in.)(°F)) and with a
highly conductive path from the center crown to the ring-groove-
pad section, the indicated center-crown (hot-spot) temperature

for the assumed conditions of the analysis could readily attain a

temperature of 650° F with a corresponding ring-groove-pad tem-
perature on the order of 500° F, which is considered excessive.
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The evolution of piston designs that alleviated ring distress
resulting from excessive temperature took place in two distinct
.ways. In one case, as piston-temperature limits were reached,
various auxiliary cooling devices were introduced, the principal
ones being use of oil jets against the undercrown surface or posi-
tive circulation through the piston body. Where jets were used,
the design of the piston was altered to provide minimum ring-
groove-pad temperatures by using thin sections, as indicated in
figure 12; in a two-cycle Diesel engine the material was changed
to steel. Representative investigations of .this nature are
reported in references S5 and 6. The other course of development
was based on the discovery that high undercrown coefficlents were
normal in some engines, and as reported in reference 7, the piston
design was altered in a similar manner to take fullest advantage
of the available cooling.

With regard to the heat balance of the piston, careful con-
sideration shows that i1t is not necessarily a good criterion of
piston-temperature distribution. It is possible in the case of a
thin cast-iron piston operating with a low undercrown coefficient
and with low radial conductivity that the heat balance will show a
preponderance of flow in the direction of the crankcase by virtue
of the excessive crown temperature. Similarly, an aluminum piston
with heavy sections and high radial conductivity might show a pre-
ponderance of flow in the direction of the cylinder wall and an
excessive ring-groove-pad temperature, even though the available
undercrown cooling is adequate to permit substantial reduction in
the ring-groove-pad temperature by design alteration without
increase in crown temperature. The heat balance after such design
changes would show a preponderance of flow in the direction of the
crankcase atmosphers.

The heat balance for the piston-cooling load, given in
table ITII, is computed from the analytically determined temperature
distribution for the data and operating conditions specified in
tables I and IT and in figure 9.

The total heat flow through the piston crown amounts to
roughly 17,300 Btu per hour, or about 2 percent of the energy rep-
resented by the heating value of the fuel consumed. The direct
effect of the cooling on thermal efficiency of the engine is there-
fore small. A large part of this heat loss represents heat trans-
ferred to the piston during the exhaust process; therefore the
direct losa of what would otherwise be available energy is probably
considerably less than 1 percent of the total heat input.
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CONCLUSIONS

From an analysis of piston-temperature variation with piston
geometry for a specific set of boundary conditions, it is concluded
that .

1. Piston temperature can be effectively controlled by
increasing the undercrown-surface heat-transfer coefficient with
resulting possibilities for light-weight designs consistent with
requirements of strength, rigidity, or fabrication, and with free-
dom from restrictions of large high-conductivity sections and
materials of high thermal conductivity.

2. When available undercrown cooling is limited, reduction of
either crown temperature or ring-groove-pad temperature through
design alteration 1s restricted by the adverse effect on the other.

3. The methods employed permit satisfactory determination of
piston-temperature distribution by analytical methods in specific
cases where boundary conditions are known.

4. The heat balance may show preponderance of flow in the
direction of the cylinder wall or crankcase atmosphere depending
on the piston design and cooling arrangement, and bears no direct
relation to the temperature distribution that may be encountered.

Flight Propulsion Research Laboratory, .
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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TAELE I - .OPERATING CONDITIONS
Speed’ m L] L ] L ] L ] L] [ ] L] * . - L ] * - . L ] . L ] ® .

Indicated mean effective pressure, .
lb/sq in. * . . . . . L] LJ . L4 . . . . * . L L

Fuel -air r&t— io . . ¢ o o o e o o . L] e o o o .
Combustion-air temperature, e
Coolant-in temperatufe, B

Undercrown oil flow from directed Jets,
lb/min ® e o ¢ o o e o e & o & o o e e o o o e

Undercrown oil-jet temperature, °F L L. ...

NACA RM No. EBA12

e e e o o o 3000

e e e .. 310
L] L] L] * L] [ 0.10
. . L] . . L] 250

e e e ... 250
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TABLE II - EXPERIMENTALLY DETERMINED

AVERAGE COEFF ICIENTS

- Location k, (Btu)/(hr)(sq in.)(°F)

Combustion gas to center-crown
section ‘ 1.2

e

Combustion gas to peripheral- _
crown section .9

Undercrown section to crank-
case atmosphere 3.0

Section behind ring-groove pad
to crankcase atmosphere 1.3

Conductivity through rings and
grooves including films to
cylinder wall . 1.3

Upper-skirt section.to cylinder
wall - 2.5

~NACA ~



18

NACA -RM No. EBAlZ

TABLE III - EEAT BALANCE FOR PiSTOHQCOOLING LOAD

Location . Dissipation
(percent)

Heat dissipation from undercrown surface 71
Heat dissipation from undercrown surface

behind ring-groove pad 11
Heat dissipation from upper- and lower-

skirt sections 10
Eeat dissipation from rings and lands - 8




NACA RM No. EBAIZ2

_

{a) Cooling to cylinder wall.

~_.NACA -~

(b) Cooling to crankcase atmosphere.

Figure |. — Piston design suitable for cooling to cylinder wall and to

crankcase atmosphere.
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- Vé??qblcs and heat-flow paths consicered in analysis.

Figure 2.
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~_NACA ~

Figure 3. — Thermal network enclosed in sector of assumed body of rev-
olution.
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Piston temperature, °F
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Figure 7. - Plston temperatures obtained by hardness measurements along two rows parallel
to- undercrown and crown surfaces of piston.
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Figure 8. - Local heat-transfer coefficient for undercrown and crown

surfaces of piston.
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_—

Diameter, 5.5 in. .

540 540 52

0 500
/ .

Temperature
(°F)
Calculated Experimental
Crown hot spot 525 530 .
Ring groove 373 . ) 380(av)

Figure 9. -~ Temperature distrjbution obtained by hardness measurements
and comparison of measured and calculated values. (All values in 9f
unless otherwise indicated.) '
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900

\

2

>
°

Operating temperature, °F

[ LSS S S

Figure 10. - variation of calculated ring-groove-pad tempefzture with
undercrown—surface coefficient ko and ring-groove-pad thickness R.
Crown thickness C, 30 percent of piston radius r.
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Temperature

Ring-groove pad

Crown

°F

Operating temperature,

Figure il. — Variation of calculated crown and ring-jroove-pad tempera-—

tures with undercrown—surface coefficient k, and ring-groove-pad

thickness R.Crown thickness C, 32C percent of piston radius r.
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Operating temperature, ©F
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Temperature

Ring-groove pad
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Figure 12, - Variation of calculated crown and ring-groove-pad tempera—

tures with undercrown-surface coefficient k, and ring-groove-pad

thickness
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