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Thermal Scale Modeling of Radiation-Conduction-Convection
Systems

ROGER L. SHANNON"
Boeing Aerospace Company, Seattle Wash.

An investigation is made of thermal scale modeling applied to radiation-conduction-convection systems with
particular emphasis on the spacecraft cabin atmosphere/cabin wall thermal interface. The thermal similitude
criteria, scaling techniques and the results of an experimental investigation are presented. The ‘“Modified
Material Preservation,” ‘““Temperature Preservation,” ‘Scaling Compromises’’ and ‘‘Nusselt Number Preser-
vation’’ scale modeling techniques and their inherent limitations and problem areas are described The compro-
mised scaling techniques of mass flux preservation and heat-transfer coefficient preservation were investigated
further and show promise of giving adequate thermal similitude while preserving both gas and temperature in the
scale model. The use of these compromised scaling techniques was experimentally demonstrated in tests of full
scale and } scale models. It is concluded that either mass flux or heat-transfer coefficient preservation may
result in adequate thermal similitude depending on the system to be modeled. Heat-transfer coefficient preser-
vation should give good thermal similitude for manned spacecraft scale modeling applications.

Nomenclature

area

specific heat

constants

unit vector

radiation exchange factor

acceleration of gravity

Grashof number (p?gBL*To/p?)
heat-transfer coefficient

thermal conductivity

conductance per unit area to environment
characteristic length

Nusselt number (kL /k)

molecular weight or thermal mass per unit area
pressure

nondimensional pressure (pL>P/u?)
Prandtl number (uc/k)

heating rate per unit area

heating rate per unit volume

heating rate

Reynolds number (piL /1)

time

temperature

characteristic temperature

velocity

nondimensional velocity (v/7)

mass flow rate

heat-transfer area/cross-sectional flow area
coefficient of thermal expansion

thickness

nondimensional temperature (7/To) _
nondimensional fluid temperature (Ty— T¢)/To
viscosity

density

Stefan-Boltzmann constant
nondimensional time (k#/pcL?)
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Operators
\% = gradient operator
Vs« = nondimensional gradient operator
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Subscripts

= environment

= fluid

gas or gravity
model

surface normal
characteristic value
prototype
reference

average values
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Introduction

OST spacecraft thermal scale modeling studies have

dealt with systems involving only radiation and con-
duction modes of heat transfer. These studies range from
verification of scale modeling techniques using relatively
simple configurations®—* to thermal scale modeling of an ac-
tual spacecraft concept.® Thermal scale modeling of manned
spacecraft involves convection as well as radiation and con-
duction modes of heat transfer. The similitude criteria and
discussions of possible scaling techniques have been presented
in the literature,®:” however, no experimental verification of
the scaling techniques has been reported for manned space-
craft. A thermal scale modeling investigation of free convec-
tion in heated enclosures has been reported® in which an
8 x 8 X 8 ft prototype room with a convector heater and a }
scale model were built and tested. Radiation-conduction
scaling criteria were used for temperature preservation in the
1 scale model. No attempt was made to modify the convec-
tive heat transfer and air at atmospheric pressure was used in
both model and prototype.

In order for thermal scale modeling to be a practical tool
for manned spacecraft applications effective thermal scale
modeling techniques must be developed for the cabin atmo-
sphere/spacecraft cabin wall thermal interface. This paper de-
scribesthedevelopmentand demonstration of practical thermal
scale modeling techniques applicable to radiation-conduction-
convection systems with particular emphasis on the cabin
atmosphere/cabin wall thermal interface.

Scale Modeling Criteria

The thermal scale modeling criteria may be developed from
the equations which govern the system thermal energy balance.
The governing equations when written in nondimensional form
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result in dimensionless groups of parameters. These dimen-
sionless groups must remain invariant for thermal similitude
to exist between similar systems. These equations can be
written in nondimensional form as:

Heat conduction

06/81 = V20 4 (L?q,/kTo) ()

Boundary condition at solid/fluid interface

@/aTo*) — (k/oToL)es* V,8)u = [ (0% — 6,dF, —
(ks/oTo*L) (s V,07)n (2
or for two-dimensional conduction
(gs/0To*) + (k8/0To3L*)(V 20 — 86/07)
= [ 6*— 69dF, — (ks oTo*L)en- 9,00 B

Thermal similitude within the solid elements of geometri-
cally similar systems having identical radiative surface prop-
erties is achieved by keeping the following dimensionless
groups invariant: heat conduction—(k/eT,3L) or for two di-
mensional conduction—(k8/0T43L?), volume heat sources—
(L%q./kT,), surface heat flux—(gq,/0To*), heat transfer to
fluid—(k,/06To3L). The invariance of this last dimensionless
group assumes that thermal similitude exists for the fluid ele-
ments of the systems as well as for the solid elements. i

The fluid elements of the system are governed by the energy,
momentum and continuity relationships. These relationships
may be written in nondimensional form as
Energy (no intérnal heat sources or viscous dissipation)

(k/pc)(pc/k) s 86/0T 4 RePrv, -V, 0,=V, 20, @
Momentum (incompressible flow with buoyancy effects)
(klp)pclk) (Re[Pr) 0V, /o7 + Re™¥, - V¥, = — V, P, +

ReV 2v, — Grise, (5
Continuity (incompressible flow)
Ve V=0 ©6)

Thermal (and dynamic) similitude within the fluid elements
of similar systems then requires the following dimension-
less groups to remain invariant: Reynolds number—Re =
poL/u, Prandtl number—Pr = uc/k, Grashof number—Gr =
p2gBL3To/p2, fluid/solid transients—(k/pc)pc/k),. The last
dimensionless group (k/pc)(pc/k); when kept invariant pre-
serves the relationship between the transient response of the
fluid and that of the solid. However, for thermal scale model-
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ing applications involving the manned spacecraft cabin atmo-
sphere-cabin wall interface, the fluid (gas) transients have negli-
gible effect on the spacecraft thermal response. Consequently
the invariance of this group is not required for thermal simili-
tude in this case.

Scale Modeling Techniques

Four scaling techniques are considered for the cabin atmo-
sphere-cabin wall thermal interface. These are the Modified
Material Preservation, Temperature Preservation, Scaling
Compromises and Nusselt Number Preservation techniques.
Table 1 gives a comparison of these techniques. The Modi-
fied Material and Temperature Preservation techniques are
straightforward attempts to meet the scaling criteria. The
Scaling Compromises technique attempts to achieve thermal
similitude without completely satisfying the scaling criteria.
The Nusselt Number Preservation technique uses the thermal
scale model to experimentally determine the Nusselt number
as a function of Reynolds and Grashof numbers and uses
these results in conjunction with a thermal math model to de-
termine the prototype performance.

Modified Material Preservation

The material preservation technique used for radiation-
conduction systems keeps the same materials in model and
prototype and meets the scaling criteria by increasing the
temperature and heat flux in the model. The scaling criteria
for systems involving convective heat transfer may be met by
a modified material preservation technique which accounts for
the variation of gas thermal conductivity with temperature.
This technique requires the scale model temperature and heat
fluxes to be increased to a greater extent than the normal
material preservation technique. The required model to pro-
totype temperature ratio is given by

T/, = (ko) '*(L [ko)o*" ™

The modified material preservation technique also requires-
the wall material to be changed (or in the case of two-dimen-
sional wall conduction, the proper selection of wall thickness)
to meet the scaling criteria at the higher temperature.

Since the Prandtl number does not vary substantially with
temperature and since the Reynolds number may be adjusted
to the desired value, their preservation in the scale model is
easily accomplished. For equal Grashof numbers in the
model and prototype the scale model pressure must be in-
creased such that

P,,,/P, — (,ukglls/gllle1/G)M/([Lkgll3/g1/2L11’6)p : (8)

Table 1 Comparison of scaling techniques

Scaling Thermal Model Gas in Simulation of prototype
technique similitude temperature model gravity field
0-g 1-g
Modified Increased® Increased
material over Same as Good pressure
preservation Exact prototype prototype prospects required
Thermal® Reduced
Temperature Same as conductivity pressure Good
preservation Exact prototype scaled required prospects
Reduced
Scaling Same as Same as pressure Good
compromises Approximate® prototype prototype required prospects
Nusselt Approximately Increased
number same as Same as Good pressure
preservation Partial? prototype prototype prospects required

@ Excessive temperature and heat fluxes in the scale model limits use of “Modified Material Preservation.”

® The availability of suitable gases limits the use of “Temperature Preservation.”
¢ Degree of similitude depends on scaling compromise used and system being scaled.

4 The use of “Nusselt Number Preservation” requires a verified math model for the radiation-conduction aspects of the system.
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The use of nonmetals (seals, insulation, etc.) in the scale model
effectively limits the use of the Modified Material Preservation
technique to scale ratios greater than about 0.5.

Temperature Preservation

The temperature preservation technique maintains equal
temperature in the model and prototype and meets the scaling
criteria by requiring a reduced thermal conductivity for the
model materials. This technique has been used successfully
for radiation-conduction systems at various scale ratios, and
has considerable flexibility for two-dimensional conduction
systems wheére the model material thickness need not be scaled
geometrically. - The application of this technique to systems
involving convective heat transfer depends on the availability
of gases with substantially lower thermal conductivities than
that of the prototype gas. The scale ratios which are pos51b1e
using selected gases to simulate air at 70°F, are depicted in
Fig.'1. ~

As with the modified materlal preservatlon technique, the
preservation of Reynolds in the scale model is easily accom-
plished and the Prandtl number variation between gases is
generally insignificant. ~ The preservation of the Grashof num-
ber in the model requires the rnodel pressure to be set such that

Pu/P, = (n/Mg" 213, [(nMg'2L*'?), ®

The model scale ratio and pressure ratio are fixed by the gas
in the prototype and the gas chosen for the model. For ex-
ample a prototype using air at atmospheric pressure couid be
simulated with a # scale model with Freon 11 at pressure of
about 0.5 atm.

.Application of the temperature preservatlon technique to
therrnal scale modeling of systems involving convective heat
transfer must be evaluated separately for each particulzir
system of interest. Practical problems. that might arise in
using this scaling technique include: gas availability, gas tox-
icity, compatibility between gas and model materials, lique-
faction of the gas and lack of reliable thermophysical property
data for the gas.

.The application of the temperature preservation scalmg
techmque to the cabin atmosphere-cabin wall thermal interface
is severely limited by the availability of suitable gases. Of the
gases consrdered only Freon 11, Krypton and Xenon allow
scale ratios less than 0.5. Krypton and Xenon are rare gases
and are not readily available. Freon 11 is avadable ‘however,
it liquifies at 75°F at atmospheric pressure Low-pressure
operation of a # scale model would be feasible using Freon 11
since its boiling point can be reduced to about — 30°F by
lowerrng the pressure to 1 psra

10.0
. AIR AT 70° F
| INPROTOTYPE HYDROGEN
50}
30}
020k
2
« | caRrsON
1.0 [~ MONOXIDE ————tem gt \|TROGEN
§ - CARBON :
05k DIOXIDE ARGON
- : ~——___ SULFUR
DIOXIDE
0.3k ™ FREON I, KRYPTON
0.2 XENON
1 1 A L 1 ' 'l L
002 003 .005 01 02 03 .05 0.1 0.2

THERMAL CONDUCTIVITY (BTU/FT—HR-°F)

Fig. 1 Candidate scale ratios for temperature preservation.
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Scaling Compromises

The problems associated with the modified material preser-

‘vation and temperature preservation scaling techniques limits

their usefulness. Consequently other techniques must be
sought for thermal scale modeling of systems involving-con-
vection.

By allowing scaling compromises it may be possible to
achieve adequate thermal similitude while preserving both gas
and temperature in the scale model. Thermal similitude for
the wall is achieved by preserving the convective heat-transfer
term in Eq. (2). This term may be written as

(ky/0T03L)(en * V*eg)w = qeonv/UTO (10)

Where g..ny is the convective heat-transfer rate per unit area
of surface. The convective scaling criteria can then be written

as
(qconv)m/(qconv)P = (T04)m/(TQ4)p (1 1)

The necessary and sufficient conditions for satisfying Eq. (11)
are, of course, given by the scaling criteria. However, two
techniques which approximately satisfy Eq. (11) are suggested
by rewriting this equation with the convective heat transfer
in terms of either heat-transfer coefficient and temperature
difference between gas and wall, or mass flux and gas tem-
perature change through the system, i.e., either

Ty — T )ml b Ty — Tw)p = (T04)M/(T04)p (12)

 (pcOAT )/ (peBAT, = (To*)m/(To*), (13)

Temperature preservation using the same gas in model and
prototype requires that both heat-transfer coefficient and mass
flux be preserved, i.c.,

binlhp = (pD)m(pD)p = 1 14

Even though the heat-transfer coefficient and mass flux cannot
be preserved simultaneously, preservation of either may result
in adequate thermal similitude.

Preservation of the heat:transfer coefficient may be achieved
if its dependence on the system parameters is known. In
practical applications the heat-transfer coefficient is usually
based on analytical, sémiempirical or empirical results for
simple flowfields (e.g., flow over a flat plate).  These results
typically relate the Nusselt number to the Reynolds number
for forced convection cases by an equation of the formy

Nu= CRe"Pr™ ' as

and to the Grashof number for free convection cases by an
equation in the form

or

Nu = C,Gr"Pr™ (16)

The value of the constants in these equations depend on the
flow conditions (turbulent or laminar), boundary conditions
and the system geometry. If the system to be modeled can be
described by these relationships and the constants are known,
then the heat-transfer coefficient can be preserved. Preser-
yation of the heat-transfer coefficient is most easily achieved
when both model and prototype have either laminar or tur-
bulent flow since only the exponents (#) are needed to deter-
mine the scaling criteria. 'Otherwise the constants (C) and
exponents (m) must also be known.

The mass flux is easily preserved by adjusting the Reynolds
number in the model such that

= (Lm/Ly)Re, an

Preservation of either mass flux or heat-transfer coefficient
results in some loss of thermal similitude. If the mass flux
is preserved then the ratio of forced convection heat-transfer
coeflicients between model and prototype is glven for identical
flow reglmes by

Fnfhp = (LofLm)* =" (18)
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and conversely, if the forced convection heat-transfer coeffi-
cient is preserved, then the ratio of mass fluxes between model
and prototype is given by

(pﬁ)m/(Pﬁ)p == (Lm/Lp)1 —nin (19)

Mass flux preservation tends to preserve the gas temperature
change through the system, whereas, heat-transfer coefficient
preservation tends to preserve the temperature difference be-
tween the wall and gas. The degree of thermal similitude
achieved with the mass flux and heat-transfer coefficient pres-
ervation scaling techniques may be approximated using the
following simplified analysis.

Consider gas flow through an enclosure which is subject to
uniform surface heating and coupled to the external environ-
ment through a uniform conductance per unit surface area.
The thermal balance for the enclosure is given by

4s=K(T—T)+HT—T) (20)

The average gas temperature may be related to the inlet gas
temperature by equating the convective heat transfer rate to
the energy transport rate

(T — Tg) = (pic/a)(T™ — T,™) @n

Setting, T, = (T,°>** + T,'™)/2 and solving for T, gives
T, + (xh/2p5c)T
m—_— 22
T = (ahi2p50) (22)
Using this result in Eq. (20) and solving for T yields
in __
r—T—— L =T @3)

1+ K(1/h + «/2pic)

where the reference temperature 7, is the enclosure tempera-
ture when there is no gas flow and is given by

T, =q,/K+T. (29

Assuming the free and forced convection heat-transfer coeffi-
cients to be additive the heat-transfer coefficient may be
written as

h = (k,/LYCRe"Pr™ + C,Gr™Pr™) (25)
Using this definition of # and writing pdc in terms of RePr,
Eq. (23) becomes
T—T,=
Tgin _ Tr
1+ (KL /k,)[/2RePr + 1/(CRe"Pr™ + C,Gr™ Pr™)]

(26)

The prototype and scale model temperatures can be written
(for Pr=1 and preservation of the free convection heat-
transfer coefficient) as
Prototype
T, —T/T" - T) =

{1+ (KL,/k;)[2/2Re, + 1/(CRe," + C:Gr,"™)} = (27)

Scale Model (Mass Flux Preservation)

Tw—T,
Tgin — Tr -
1 -1

1 L

{ + & "/k")[ ¥ Ly Res T CiGr ™ J } 28
Scale Model (Heat-Transfer Coefficient Preservation)

Tm - :rr .
Tyln —T. -

1+ (KL ,/k) > + ! "2

e 2(L,,,/L,,)“"”‘R¢,, CRe," + C,Gr,™ 29)
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Fig. 2 Effect of scaling compromises in 2  scale model spacecraft.

Figure 2 shows the temperature differences between 1 scale
model and prototype spacecraft as a function of Reynolds and
Grashof numbers. These results are based on the simplified
analysis applied to laminar flow (#=0.5, n; =0.25 and
C, = C =0.33) through a cylinder with length equal to radius
(a2 =4). The heat leak term (KL ,’k,) was set equal to 10.

The degree of thermal similitude achieved with either scaling
technique is greatest at large Reynolds numbers where the wall
temperature approaches the gas temperature and at small
Reynolds numbers where the wall temperature approaches
the reference temperature. The heat-transfer preservation
technique gives the best results for pure forced convection
(Gr = 0) and mass flux preservation gives the best results when
free convection dominates.

These scaling compromises also affect the transient response
of the spacecraft cabin wall. The transient response may be
calculated by substituting T, — (M/K) dT/dt for T, in Eq. (26)
and solving for T, assuming 7=7T, at t =0

(re=T\[, (L) (K
r-ne (T - ew- () (57)] o

where
7 = (KL [k,)[¢/2RePr + 1/(CRe"Pr™ + C,Gr"Pr™)]  (31)
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‘The characteristic response time is then
to = Mu/K(1 + ) (32)

Noting that (K/M) corresponds to (k/pcL? in the scaling
‘criteria, Eq. (32) may be written in terms of nondimensional
time as

o= /(1 + 7) 33)

The characteristic response time ratio between model and
prototype for changes in convective heat transfer is then given

by
(T)ml(76)p = N1 + )/ 1p(1 + Nm (39

This response time ratio for the } scale model spacecraft pa-
rameters is shown in Fig. 2 as a function of Reynolds and
Grashof numbers for the two scaling techniques. As would
be expected the relative model response is slow with heat-
transfer coefficient preservation and fast for mass flux pres-
ervation. The heat-transfer coefficient preservation technique
generally gives better transient simulation except for the lower
Reynolds numbers whenfreeconvection effects dominate. The
calculated results for this simple model indicate that the pro-
totype temperature remains bounded by the scale model tem-
peratures obtained using mass flux and heat-transfer coefficient
preservation.

Whether mass flux preservation or heat-transfer coefficient
preservation gives better thermal similitude depends on the
nature of the system being modeled. Systems with mass flow
rates large enough to give a small gas temperature change
should be modeled well using the heat-transfer coefficient
preservation technique. If the free convection mode of heat
transfer dominates then the mass flux preservation technique
should give good results.

Nusselt Number Preservation

The Nusselt number preservation scaling technique would
use the thermal scale model to experimentally determine the
Nusselt number for the system as a function of Reynolds and
Grashof numbers. (If the model uses a different fluid, then
Prandtl number effects would also have to be determined.)
This functional relationship would then be used in con-
junction with a thermal math model to predict the prototype
performance.

The Nusselt number is preserved if thermal and dynamic
similitude exist between the fluid elements of the systems.
Thermal and dynamic similitude may be achieved by preserv-
ing Re and (Grf,,). This keeps the nondimensional velocity
v, and fluid temperature 8./, invariant for similar systems
[seeEqgs.(4) and (5)]. The Reynolds number is easily preserved
in the scale model, however preservation of the (Grf,,) term
depends on the magnitude of the convective heat transfer.
In the limit of no convective heat transfer (6;.).. = (8,.), and
in the limit of only convective heat transfer (8;u)m = (Lmn/L,)
(As4),. Consequently the model pressure required to preserve
the (Grf,,) term (i.e., the free convection effects) is within the
limits

(L p/Lm)?'* < (Pm/Pp) < (Lp/Lu)? (35

The Nusselt number preservation technique avoids the
problems inherent in the other scaling techniques, i.e., high
temperatures and heat fluxes required for the modified material
preservation, suitable gas for temperature preservation, and
the uncertainties of scaling compromises. However thermal
scale modeling using Nusselt number preservation requires the
use of experimental research techniques whereas using the
other scaling techniques requires only fabrication and testing
of the scale model.

Experimental Investigation

Since the Nusselt number preservation scaling technique
and the compromised scaling techniques of mass flux pres-
ervation and heat-transfer coefficient preservation allow a
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gredter range of scale modeling applications, these techniques
were chosen for an experimental investigation. The objective
of the investigation was to experimentally demonstrate the
application of these scaling techniques to thermal scale model-
ing of systems involving radiation, conduction and convection.
Full scale and } scale models of a radiation-conduction-con-
vection system were fabricated and tested. The % scale model
was tested at various conditions that allowed the different
scaling techniques to be evaluated. This paper, however,
only covers the investigation of the compromised scaling
techniques.

Model Configuration

The model configuration chosen for the experimental in-
vestigation is shown in Fig. 3. The model basically consists
of two concentric cylinders with end plates closing off the
annular region between the cylinders. Thermal gradients are
generated by heating the center section of the inner cylinder
and cooling the center of the outer cylinder. The heating is
provided by an electrical heater mounted on the inside of the
inner cylinder and the cooling by a cooled fin attached to
the center of the outer cylinder. The exposed surfaces in the
annular region are painted black to enhance the radiation
heat transfer and to provide the same radiation properties. for
full and } scale models. Forced convection is provided by
airflow in the annular region. Air is supplied to and ex-
hausted from the model through air distribution plugs in the
air inlet and outlet sections of the inner cylinder.

The radiation, conduction and convection modes of heat
transfer are important in the thermal response of the models.
The relative importance of each mode of heat transfer varies
with the test conditions. While the model configuration was
not meant to represent a manned spacecraft configuration,
the airflow pattern and the gas velocity are similar to those of
manned spacecraft. The model symmetry minimizes the in~
strumentation requirements and allows the axially asymmetric
convective heat-transfer effects to become apparent.

The basic structure of the full scale model was made from
6061-T6 aluminum and that for the } scale model from 304
stainless steel. The conductive heat-transfer scaling criteria
was met to within 109, in the } scale model. Table 2 gives
the basic model dimensions. The interior model surfaces
were painted with two coats of Fullers Metal Etch Primer
(3811 black with 3816 primer). Emissivities of painted

Table 2 Model dimensions (in.)

Full scale } Scale
6061-T6 304 stainless
aluminum steel
Inside length 24 6.0
Outer cylinder »
Inside diameter 24 6.0
Thickness 0.063 0.040
Inner cylinder
Outside Diameter 8.0 2.0
Heater section
Length 4.0 1.0
_Thickness 0.125 0.085
End sections
Length 2.0 0.5
Thickness 0.125 0.085
Thin section
Thickness 0.050 0.032
End plates
Thickness 0.375 0.250
Horizontal cooling fin
Outside diameter 30.13 8.0

Thickness ) 0.071 0:063
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Fig. 3 Model configuration.

samples were measured with a Lions Emissometer before and
after a baking cycle of 4 br 4t 400°F. The emissivity for the
aluminum sample was 0.88 before baking and 0.83 after
baking, the correspondmg values for the stamless steel sample
were 0.85 and 0.88.

Calibrated chromel constantan thermocouples (AWG #36
wire) were used to instrument the models. These thermocouples
were attached to 12 axial locations on the inner and outer
cylinders, 4 radial locations on the top and bottom end plates,
the center of the cooling fin and the cooling tube inlet and
outlet locations. Thermocouples were also used to measure
the air inlet and outlet temperatures.. The thermocouples are
located at the center of the model nodes which were defined
for the thermal math model used in the Nusselt number pres-
ervation scaling technique. Figure 4 shows the location of
these nodes. » ‘ .

Prior to testing the models were insulated with polyurethane
foam. The models were centered in cylindrical molds and the
insulation was foamed betweeén the models and the molds.
The foamon the full scalé model was about 4 in. thick and that
on the } scale rhodel was sized to preserve the one-dimensional
heat transfer through the foam.

Model Tests

The full scale model was tested at atmospheric pressure for
both frée convection and forced convection conditions. The
free convection tests were made at five heating rates (nominal
values of 294, 224, 187, 141 and 93 w). The forced convec-
tion tests used three heating rates (nominal values of 294, 224,
and 187 w) and thiee airflow rates (nominal values of 4.80,
1.20 and 0.30 Io/min). The flow rate tests were repedted at
the highest heating rate with the flow direction through the
model reversed (i.e., flow from top to bottom).

The % scale model tests correspond to those for the full
scale model. The free convection Nusselt number was as-
sumed to be proportional to the fourth root of the Grashof
number (typical for laminar flow free conivection). Based on
this assumption, the free convection heat transfer is préserved
in a } scale model by requiring P, = P,/2. Consequently the
% scale model tests were made at a nominal pressure of # atm.
The heating rates were set such that Q.= Q,/16. The flow
rates were adjusted to preserve the mass flux and the heat-
transfer coefficient. The mass flux was preserved by setting
the flow rate such that w,, = w,/16. Assuming the forced con-
vection to be represented by laminar flow over a flat plate
(1 ¢., Nusselt number proportional to the square root of the
Reynolds number), the heat-transfer coefficient was preserved
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Fig. 4 Model node locations.

by setting the flow rate such that w, = w,/64. The power in-
put tothe heaters, provided by a d.c. power supply, was deter-
mined by measuring voltage and current. = The fin was cooled
by water circulated through an ice bath. The fin temperature
was maintained at 33.54-1°F for all tests. The model airflow
rates were measured using calibrated ‘“rotometers.” The
room temperature inlet air was nomlnally at 68°F.

Discussion of Test Resuits '

Frée Convection Tests

Figure 5 shows the temperature correlation betweén } scale
and full scale models for the free convection tests. Even
though the correlation is quite good, the full -scale model
temperatures are consistently larger than those of thé } scale
modeél. The maximum temperature difference i increases from
about 3.5°F for the lowest heating rate case to about 13°F for
the highest heating rate case. These temperature differences
are probably caused by slightly different emissivities in 4 scale
and full scalé models. - The correlation between the models
shows that radiation and conduction as well as free convection
heat-transfer processes can be preserved in a thermal scale
model.

Forced Convection Tests

The correlations between the 1 scale and full scale models, at
the high heating rate, are shown in Fig. 6 for the high, inter-
miediate and low flow rate cases. The % scale model data are
shown for both mass flux and heat-transfer coefficient preser-
vation techniques. These correlations show that preservation
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Fig. 6 Forced convection correlations.

of mass flux results in } scale model temperatures generally
lower than the full scale model while preservation of heat-
transfer coefficient results in generally higher model tempera-

tures.

Even though the simplified analysis presented earlier is a
poor representation of the experimental model, the over-all
effects of the scaling compromises are predicted fairly well by

this analysis.

Figure 7 shows the comparison between the

simplified analysis applied to the model configuration and the

average test results.
(KL,/ky) = 50, o =8 and Gr, = 10%.
representative of the model tests.

TEMPERATURE DIFFERENCE —~ 100 xG

The analysis assumed laminar flow,
These conditions are
The test temperature differ-
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Fig. 7 Temperature differences between model and prototype due

to scaling compromises.



492 R. L. SHANNON

ence data were based on the average model temperatures with
the reference temperature, for a particular heating rate, taken
as the average full scale model temperature under free convec-
tion conditions at the same heating rate. Also shown in
Fig. 7, for comparison, are the calculated results for the %
scale model manned spacecraft discussed earlier. Since the
simplified analysis is more representative of a manned space-
craft configuration than of the experimental model configu-
ration the calculated results should give a good indication of
the temperature differences to be expected in thermal scale
modeling a manned spacecraft. The results shown in Fig. 7
indicate that, at a typical manned spacecraft Reynolds number
of 10%, better thermal similitude would be achieved in a % scale

spacecraft than that achieved in the } scale model of the
present investigation.

Conclusions

Thermal similitude may be achieved in thermal scale mod-
eling of radiation-conduction-convection systems by using the
compromised scaling techniques of either mass flux or heat-
transfer coefficient preservation. The best thermal similitude
is achieved with mass flux preservation when free convection
effects dominate and with heat-transfer coefficient preserva-
tion when forced convection effects dominate. The degree
of thermal similitude achieved with either technique depends
on the system being modeled. This was illustrated by a sim-
plified analysis and verified in the experimental investigation.
The heat-transfer coefficient preservation scaling technique
should give better thermal similitude than mass flux preser-
vation in thermal scale modeling applications for manned

J. SPACECRAFT

spacecraft. The simplified analysis indicates that very good
thermal similitude (both transient and steady state) can be
achieved with a % scale model spacecraft using heat-transfer
coefficient preservation.
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