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The external tank (ET) of the Space Transportation System (STS) contains liquid oxygen and hydrogen as
oxidizer and fuel for the Space Shuttle main engines (SSMEs). During and subsequent to the loading of the ET
prior to the launch of an STS, the cryogens boil in the near atmospheric conditions existing within their respective
tanks. The gaseous oxygen (GOX) formed as a result of this boiling is vented overboard, mixes with air, and may,
under certain wind conditions, be transported toward the STS to cause a cooling of its environment. This paper
describes a two-dimensional computational fluid dynamics analysis to determine the magnitude of this cooling
effect by determining the temperature depression and stratification caused by this GOX/air mixture in the region
around the east redesigned solid rocket motor (RSRM), the ET, and below the STS assembly. For a severe
wintertime launch temj)erature of 24°F (-~ 4.44°C), the maximum local temperature depression of the mixture
was calculated to be 58°F (32.22°C) in the inboard region next to the ET surface, and a surface temperature on
the east RSRM was found to be as much as 25°F (13.89°C) colder than ambient. The computed average surface
temperatures on either side of the RSRM were in excellent agreement with a temperature determined from a
correlation of prelaunch temperature measurements.
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Nomenclature

C = concentration or mass fraction of gaseous

oxygen in air

specific heat at constant pressure; J/kg (°C),

Btu/lbm (°F)

binary diffusion coefficient between air and

oxygen, cm?/s

= local Grashof number, gB3(T; — Tw)z3/v?

gravitational constant; m/s?, ft/s?

mixture specific enthalpy; J/kg, Btu/lbm

= heat transfer coefficient; W/m? (°C),
Btu/h-f2 (°F)

IX,1Y,IZ = cell numbers in domain

k = thermal conductivity; W/m (°C), Btu/h-ft (°F)

I I

@5%9
[ I 1 I

L = length of surface 1, 2, or 3; m, ft

(L) = location z =L

M = molecular weight; kg/kgmole, Ibm/lbmole
Nu = local Nusselt number, hz/k

P = pressure; N/m?, atm

Pr = Prandtl number, uC,/k

Ra = Rayleigh number, Gr Pr

Sc : = Schmidt number, u/pD);

T = temperature; °C, °F

t = thickness of a wall layer; m, ft

U, = freestream wind velocity; m/s, ft/s
X,¥,2 = Cartesian coordinates

Y = mole fraction

(z) = location z

B = expansion coefficient; 1/K, 1/°R

0 = velocity boundary layer thickness; ft, m
1 = dynamic viscosity; N-s/m?, lbm/ft-s

v = kinematic viscosity, u/p; m?/s, ft?/s

p = density; kg/m?, Ibm/ft3
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Subscripts

c = critical

i = inner, index, ith component
J = index, jth layer

m = mixture, measured

D = predicted

K} = surface

t = turbulent

1,2 = oxygen and air, respectively
0 = freestream conditions
Superscripts

- = average

- = molar

Introduction

HE external tank (ET) typically contains 146,000 gal

(552.61 m?) of liquid oxygen at —297°F (—182.78°C)
and 393,000 gal (1487.51 m?) of liquid hydrogen at —423°F
(—252.78°C) as oxidizer and fuel for the Space Shuttle main
engines (SSMEs). Loading of the ET takes place over an ap-
proximate 6- to 8-h period prior to launch. During and subse-
quent to this period, the cryogens boil in the near atmospheric
conditions existing within the propellant tanks; consequently,
both tanks must be vented to prevent overpressurization. For
safety reasons, the gaseous hydrogen is piped away from the
launch pad while the gaseous oxygen (GOX) is vented over-
board through two vent arms extending outward from the top
of the ET. The extremely cold GOX vapor mixes with the
warmer ambient air to form a mixture (GOX/air), which is
colder than the ambient and, thus, negatively buoyant relative
to it. The result is an induced downward flow of the mixture.
Depending on the wind speed and direction at the time, this
mixture may be transported toward the Space Transportation
System (STS) and cause an additional cooling of its key com-
ponents [redesigned solid rocket motors (RSRMs), ET, Or-
biter] above and beyond the chill effect! produced by the ET
when both cryogen tanks are filled.

Figure 1 is a top view schematic of the STS on the launch
pad showing the fixed service structure (FSS) and the GOX
vent ducts on the top of the ET, which are pointed in a north-
west direction (280 deg). As a result of this orientation, west-
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Fig.1 Top view schematic of the STS on the launch pad.

erly winds can produce a flow on the leeward side of the FSS,
which can drive the GOX vapor emerging from the ducts and
the resulting mixture toward the STS. Noting that the nega-
tively buoyant mixture already has a downward flow compo-
nent, the speed and direction of the westerly wind will deter-
mine the extent to which the mixture will immerse the STS and
additionally cool its components.

It was not known to what degree the GOX-cooled mixture
would impose additional cooling, although an earlier one-
dimensional analysis? suggested it could be significant. The
purpose of this study was to do a more detailed two-dimen-
sional flow/thermal calculation of the effects of the negatively
buoyant flow along the length of the STS when induced by a
specific concentration of GOX at the top of the STS. The
analysis was done for a set of severe wintertime launch condi-
tions, that is, for a slow westerly wind and a low ambient
temperature. : 7

The two-dimensional computational fluid dynamics (CFD)
analysis was conducted using the PHOENICS ’81 flow/ther-
mal code,® which is a multidimensional, general purpose com-
puter program for the analysis of fluid flow, heat transfer, and
chemical reaction problems. Since only west winds can effec-
tively carry the GOX-cooled mixture toward the assembly, the
solution domain was chosen to be a westerly oriented two-
dimensional slice containing the ET and the RSRM longitudi-
nal axes. Centered relative to the 90/270-deg plane of Fig. 1,
it contained sections of the ET and the RSRM and the region
above these components where a mixture with a specified
GOX concentration was assumed to exist as a result of a west
wind. Calculations in this domain provided information on the
mixture’s flow/thermal properties, boundary-layer thickness,
downdraft velocity, local and average surface temperatures on
the ET and RSRM, GOX concentration, and local values of
the temperature depression relative to the ambient.

The results of this analysis confirmed what had been sug-
gested earlier by the one-dimensional analysis. They show that
the cryogens not only play a passive role in the chilling of the
RSRMs as a result of the filled ET’s cold exterior surface, but
also a more active part as a result of the convection of the
downward flow induced by the vented GOX vapor. Future
work in the determination of the effects of this induced flow
is now expected to include a combined two- and three-dimen-

sional analysis of the problem and ultimately a full three-
dimensional analysis.

Discussion
This section describes the two-dimensional CFD analysis of
the flow/thermal conditions within the inboard region as con-
ducted in this study. The following subsections will discuss the
governing equations, the numerical model, the boundary con-
ditions, and the procedures for determining the thermophysi-

cal properties of the GOX/air mixture.

Governing Equations

PHOENICS 81 uses a fully conserved and implicit form-
ulation to solve the Navier-Stokes equations and utilizes the
SIMPLEST algorithm.? The conservation of phase mass, mo-
mentum, energy, chemical species, and other fluid properties
are all expressed in PHOENICS ’81 by the general partial
differential equation?

a
Py, (ripid) + V - (ripvid; —r;Ty; grade;) = r;S,; ¢}

where ¢; is the ith component of the conserved property ¢,
r; and p; are the volume fraction and density of ¢;, where
8/0t(rip;9:), V-(rip;vid;), and v-(r;Ty; grade,) denote its
transience, convection, and diffusion, respectively. The term
T';; is the exchange coefficient for ¢;, and S,; defines its
source(s). .

The heat conductance through the composite walls of an
STS component was calculated assuming one-dimensional
conduction heat transfer. Using the thicknesses #; and thermal
conductivity k; of each jth layer of a composite wall, the
conductive heat flux through »n layers was calculated from

J=n :
WETEDY <’—‘> [T: - Tu(2)] )

=t \t/;
where T is the inner surface temperature of the inner layer and
T,(z) is the temperature at the outer surface. The values of the
thickness and the thermal conductivity for each of the compo-
nent layers in the ET and the RSRM are given in Refs. 4 and
5. In this study, the inner temperature T; of the RSRM was the
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propellant mean bulk temperature (PMBT), whereas the tem-
perature along the entire length of the ET was conservatively
chosen to be that of liquid hydrogen when, in reality, the
temperature of the upper part of the ET was that of liquid
oxygen. With heat conduction considered through the walls of
the ET and the RSRM and heat convection at their outer
surfaces, the flow/thermal analyses were truly conjugate. The
conductive heat flux at a surface was treated as a heat source/
sink in PHOENICS ’81.

Numerical Model

In this study, the flow was assumed to be steady, two-dimen-
sional, laminar, and elliptic. Turbulent flows are three dimen-
sional and time dependent. Turbulence phenomena take place
in eddies on the order of 1 mm in size, whereas the flow
domain in this study extended over meters. Therefore, a grid
fine enough to allow an accurate description of a turbulent
flow would have required an immense number of cells. Thus,
the choice of laminar flow was obvious.

The solution domain was a two-dimensional slice containing
half of the ET and the east RSRM, their longitudinal axes,
and the entrance region above them. As shown in Fig. 2, the
solution domain was divided into cells with-a highly nonuni-
form grid to permit a better resolution in areas of interest,
especially within the inboard region. The two-dimensional re-
gion (77 X 185 ft or 23.47 X 56.39 m) was divided into 80 and
185 cells in the y and z directions, respectively. Twelve cells
were chosen in the y direction inside the inboard region. The
slice was centered on the 90/270-deg plane, as shown in Fig. 1,
because the northwest orientation of the ducts was not known
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Fig.2 Two-dimensional slice containing the ET and the east RSRM
longitudinal axes (two-dimensional solution domain).

GASEOUS OXYGEN COOLING OF THE STS LAUNCH PAD ENVIRONMENT 691

at the time of this study. Since the wake of the ET is so large,
due to its large diameter, the coldest region along the ET
would move at most by 10 deg in a clockwise direction to the
6=100 deg location (Fig. 1). However, for the severe condi-
tions used in this study, the change in surface temperatures,
due to this misalignment, would be insignificant. The thick-
ness of the slice in the x direction was 1 ft (0.3 m). Cartesian
coordinates with stepped walls were used because PHOENICS
’81 has the flexibility to represent solid obstructions in the
flowfield by the blockage concept.

The convergence of a solution is generally achieved by mon-
itoring a cell within a region of the flow that is of particular
interest, either from an engineering standpoint or because con-
vergence difficulties are expected there. The PHOENICS ’81
procedure for doing this and calculating continuity errors is
described in Ref. 3.

Boundary Conditions

The requirements complied with and the boundary condi-
tions used in this study were those consistent with the most
severe wintertime launch conditions experienced at Kennedy
Space Center (KSC). They are as follows:

1) The ambient temperature was 24°F (—4.44°C) and the
wind velocity was 1 ft/s (0.3 m/s) from the west. This was the
minimum wind velocity required to transport the GOX vapor
to the STS.

2) The local ambient temperature was assumed to be 15°F
(—9.44°C). The reason for using this local value rather than
the actual ambient was that prelaunch temperature measure-
ments in the vicinity of the STS are usually much less
than ambient. Thus a local ambient temperature of 15°F
(- 9.44°C) was assumed to be more appropriate in the present

-analysis.

3) The GOX/air mixture at the inlet (Fig. 2) of the compu-
tational domain was assumed to consist of 10% GOX vapor at
—270°F (—167.78°C) and 90% air at the local ambient tem-
perature. This 10% GOX concentration appeared to be a real-
istic value based on the results of the earlier one-dimensional
analysis.? In addition to GOX concentration, velocity, mass
flow rate, and enthalpy were specified as input boundary con-
ditions along the inlet region AB.

4) Region BC of the calculation domain (Fig. 2) was as-
sumed impermeable because it was at a height of 11 ft (3.35 m)
above the vent ducts, a distance well above the expected GOX/
air mixing region.

5) Regions CD and DE of the calculation domain (Fig. 2)
were treated as free or constant pressure boundaries; that is,
fluid was allowed to enter or exit so as to satisfy the continuity.

6) The temperature of the air in the RSRM cavity or motor
bore was assumed to be 45°F (7.22°C), which was 5 deg above
the lower limit on the PMBT.®

7) The temperature at the inner boundary of the ET for
both the fuel and oxidizer tanks was conservatively assumed to
be that for liquid hydrogen (—423°F or —252.78°C), as given
in Ref. 7.

8) A buoyancy force term was calculated using the Boussi-
nesq approximation, which assumes constant property condi-
tions with the exception of a variable density; it is this varia-
tion that induces the downward fluid motion.

9) To maximize the GOX cooling effects and since most
tank loadings occur during the night, solar radiation was not
included. Also, thermal radiation exchange between the
RSRM and the ET was not included.

10) Diffusion or convection in the third dimension (north-
south direction) was neglected for two reasons. First, it per-
mitted a maximization of the GOX cooling effect on the adja-
cent surfaces. Second, two dimensionality is a good
assumption at the low wind speed of 1 ft/s (0.3 m/s). The
1-ft-wide region (0.3 m) can be thought of as a thick layer
where relatively warm ambient air has a limited thermal pene-
tration depth. In a three-dimensional solution of the problem,
ambient conditions would be assumed far from the STS vehicle.
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Thermophysical Properties of the Mixture in the Field
The mixture density p,, was calculated?® as

om(¥,2) = p1(¥,2)Ci(¥,2) + p2¥,2)Ca(¥,2)

= [p1(7.2) —£2(,2)| Ci(1,2) + p2(¥,2)  3)

Similarly, the specific heat of the mixture C, ,, was calcu-
lated from

Cpm(3,2) = Cp Yi(2,2)/ My + Cpp[1 - Yi(3,2)| /My (4)

The molar specific heat [Btu/lb mole (°F) or cal/g mole (°C)}
for the GOX was curve fitted® in terms of temperature T (K)
to give
"Cp1=7.16+ T;/1000 — 0.4 X 105(T)"2=C, M,  (5)

The specific heat of air at constant pressure was assumed
constant since it only varies from 0.2405 to 0.2406 Btu/lbm
(°F) [1.004 KI/kg (°C)] between temperatures of — 100°F
(—73.33°C) and 100°F (37.78°C).

The thermal conductivity k,, of the mixture was calculated
from the component conductivity® using

Oll(y,Z)kl(y,Z) + Olz(y,Z)kz(y,Z)
ai(y,2) +o(y,2)

km(y,2) = ©®

where a(y,z)= Y(y,z)M"* and k is the component conductiv-
ity, which is approximated by Sutherland’s expression® using

- the GOX and air coefficients from White!0:

Tr(y,2) 3/2[ 491.6 + 400
ki(y,z) = 3.9417 x 106} —= 7
1(3,2) % [ 491.6 ] T,z +400
Tr(¥,2) 3/2[ 491.6 + 350
kx(y,2) = 3.8750 x 106 8
2(2) % [ 491.6 ] Tno+350| &

In these equations, T, is the local mixture temperature in °R
at every cell in the thermal field. It was calculated from the
enthalpy and the specific heat of the GOX/air mixture from

Hpy(y,2)

T8 = & 50)

®
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Fig. 3 Computed streamlines.
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The dynamic viscosity u,, of the low-pressure mixture was
calculated from the component viscosities using the following
correlation®: ‘

M(Y,2)pi(D,2) + MY, 2D pa( Y, 2)
MN(Y,2)+M(y,2)

pm(¥,2) = 10

where \;(¥,2) = Y;(y,2)(M;)”:. The dynamic viscosities of the
GOX and air were calculated from Ref. 10 in a manner similar
to that of the component thermal conductivities. These viscosi-
ties are

To(, 32 491, 5
m(y,z)=1.2896><10-5[ m(Y Z)} [ 91.6+ 250

Tm(y,z)+250] an

491.6+199
12
Tn(y,2)+ 199] 2

491.6

Tn(y,2) |*?
491.6

pa(y,2z) = 1.1532 X 10-5[

The mole fraction Y; of either constituent in the mixture was
determined as

¥i(¥,2)

Yin2) = v1(¥,2) +72(3,2)

(13)

where v;(y,z)=Ci(¥,2)/M; and, by definition, the Schmidt
number was defined as

em(¥,2)

S = A Du(r2)

314

_ Finally, an expression for the diffusion coefficient between
GOX and air D,, was developed in Ref. 11 and given as

Tm(y’z) b (Tc;l Tc,2)5/12
(T T.)" | L (/M +1/M)%

Dy(y,z)= (a/P)[

X (})r:,lpc,Z)l/3 (15)
where the constants @ =2.745x10"* and b =1.823 are for
nonpolar gas pairs as determined from experimental data for
Dy, in cm?/s, and where P is the system pressure in atm,
which, for the present launch pad analysis, is unity. The pres-
sures (P,;,P.,;) and temperatures (7. ;,7T.,) are values for
each component at their respective critical point. They are
P,,=49.7 atm, P.;=36.4atm, T.;=154.4K, and T,,=132.0
K. The molecular weights (M;,M,) are 32.0 Ibm/lbmole (32
kg/kgmole) for GOX and 28.97 lbm/lbmole (28.97 kg/kg-
mole) for air. The temperature 7,, appearing in the equation

"is the mixture temperature in the thermal field unless D), is

relatively constant, in which case the local ambient tempera-
ture was used. A typical calculated value of D, is 0.16 cm?/s.

Results

The numerical model and the imposed boundary conditions
were used to calculate the flow/thermal field in the vicinity of
the STS. The results of this calculation are discussed below.

Flow/Thermal Field

The flow/thermal field along the ET and the east RSRM was
obtained in the previously described manner with the heat
transfer process between the mixture and the vehicle surface
assumed to be natural convection. The diffusion in the GOX/
air mixture was appropriately accounted for at all times
through the solution of the concentration equations. The re-
sults showed that the characteristics of the flow/thermal field
were dependent on the velocity entering the inlet (region AB)
to the calculation domain as well as the mixture density, ambi-
ent temperature, surface temperature, binary diffusion coeffi-

. cient, and the STS geometry.

The GOX/air mixture, as a consequence of its negative
buoyancy, is shown to descend along the length of the STS
vehicle, as evidenced by the streamlines in Fig. 3. It also in-
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Fig. 4 Computed mixture isotherms in solution domain.

duces and entrains an ambient flow across the inlet portion of
region CD, which is initially directed toward the east sides of
both the ET and the east RSRM but which becomes directed
downward and then away from the STS near its base and then
across the outlet portion of region CD. Flow out of the in-
board region results in a recirculation below the ET with an
outflow under the bottom of the RSRM and across the CD
outlet region.

Although the current analysis involved the solution of the
Navier-Stokes equations and the energy equation, it was desir-
able to calculate the velocity boundary-layer thickness based
on the Eckert-Jackson correlation'?!3 for turbulent free con-
vection flow along a single vertical plate. This was done to

. assess the results of this study by obtaining the convective
heating rates along the three surfaces of the two-dimensional
domain. The calculations were made using the thermal field
and the thermal properties computed in the present analysis.
The velocity boundary-layer thickness along surfaces 1, 2, and
3, as identified in Fig. 2, were calculated as a function of the
distance measured from the top of each surface. These were
calculated* using the correlation and assuming that, in each
instance, the surface in question was vertical and isolated from
the other two. It was obvious from these calculations that,
unhindered, the boundary layer can become very large over the
distances encountered along the STS components. The in-
board region starts at approximately 15 ft (4.57 m) from the
top of the RSRM and approximately 50 ft (15.24 m) from the
top of the ET. Therefore, at the entrance to the inboard
region, & on the ET surface is about 1.6 ft (0.49 m), whereas
on the RSRM, & is 0.8 ft (0.24 m). Since their sum exceeds the
1-ft (0.3-m) clearance, mixed flow would be expected down-
stream of the inboard region entrance. Thus, the characteris-
tics of a single boundary-layer flow along a vertical plate is not
realized within the inboard region. This means that the temper-
ature and velocity profiles along either surface in the inboard
region are different from those along the surface of a heated
or cooled vertical plate.

The downdraft velocity on the outer surface 3 of the RSRM
was calculated®’ from an expression for the the downdraft
velocity profile as derived by Eckert-Jackson!>!3 for a tur-
bulent free convection flow along a single, vertical surface.

GASEOUS OXYGEN COOLING OF THE STS LAUNCH PAD ENVIRONMENT ' 693

The downdraft velocity was shown to exceed 5 ft/s (1.52 m/s)
near the surface of the RSRM but decreases as the distance
normal to the surface increases. The larger velocity is due to
the colder and more dense GOX/air mixture near the RSRM
surface. . . :

Figure 4 shows the isotherms of the GOX/air mixture
in the solution domain. Temperatures as cold as —34°F
(—36.67°C) were calculated at the bottom of the inboard re-
gion and adjacent to the ET, and temperatures of 5 to 10°F
(—15to —12.22°C) were calculated next to the RSRM surface
in the inboard region. The —34°F (—36.67°C) temperature
represents a temperature depression of 58°F (32.22°C). Below
the ET, the maximum temperature depression was 17°F
(9.44°C). The temperatures along most of the upper surface of
the domain, that is, the impermeable region BC (Fig. 2), and
along the inlet portion (0<z <180) of the CD region on the
right side of the domain were ambient, as expected, based on
the size selected for the domain. The temperatures were lower
than ambient along the outlet portion (180=z < 185) of the
CD region due to the outflow in this region. However, this
region is too far (29.5 ft or 8.99 m) from the surface of the east
RSRM to have any influence on the solution.

Surface Temperatures

Computed Temperatures

The temperatures on surfaces 1, 2, and 3 were not known,
a priori, and had to be calculated. This precluded using the
surface temperature along with the ambient temperature as
thermal drivers. Therefore, the inner temperatures of the ET
and the RSRM were used as the thermal boundary conditions
along with the ambient temperature. The surfaces were neither
isothermal nor a part of the grid network. Consequently, at a
point on a surface, the surface temperature had to be deter-
mined by an extrapolation from the mixture temperatures in
the adjacent cells. This was accomplished using a Lagrange
polynomial ' of the second order:

3
-
B

3
iIII(yj =X

i#j

3
Ts(ys,2) = El Tn(y:2) (16)
=

where T, is the mixture temperature in the cells adjacent to the
surface, y, the surface distance, and y; and y; are distances to
the centers of the adjacent cells, as defined for each of the
three surfaces (surfaces 1, 2, 3). Figures 5 show the surface
temperatures, the mixture temperatures (73, 75, and T3) in the
adjacent cells, and the average surface temperature along sur-
faces 1, 2, and 3.

~ The calculated surface temperature of the ET (surface 1) is
shown in Fig. 5a as a function of the distance along its surface
as measured from the top of the ET. Calculated using Eq. (16),
it was found to vary from 3°F (— 16.11°C) at the top to ~ 61°F
(—51.67°C) at the bottom, the latter representing an 85°F
(47.22°C) surface temperature depression. This computed
temperature of —61°F (— 51.67°C) near the bottom of the ET
was probably much greater than what would be the actual
value. There are several possible explanations for this. First,
the calculations were made for the ET surface within the in-
board region, which was where the coldest surface tempera-
tures would be expected because of the region’s confining
effect on the cold downward flow. Second, the two dimension-
ality of the analysis of the inboard region precluded the mixing
of the cold downward flowing mixture with the warmer ambi-
ent. Finally, the assumptions of a local ambient temperature
of 15°F (—9.44°C) instead of the actual 24°F (—4.44°C),
the conservative internal boundary temperature of —423°F
(—252.78°C) for both the oxygen and hydrogen tanks, and the
absence of solar heat flux in this analysis may have contributed
to the calculation of this very low temperature. The average
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Fig. 5 Temperatures on the surface and in the adjacent cells along
surfaces 1, 2, and 3 of Fig. 2.

surface temperature of the ET was calculated to be —30°F
(—34.44°C) by numerically integrating the local values. From
this, it is apparent that the local surface temperature is of
greater importance than the average temperature when cold or
hot spots are being considered. )

The calculated RSRM surface temperature on surface 2,
which faces the ET, is shown in Fig. 5b as a function of
distance along the surface of the RSRM measured from its top.
The RSRM surface temperature was found to vary from 9°F
(- 12.78°C) at its top to — 1°F (—18.33°C) at its bottom with
the average surface temperature being 7°F (—13.89°C).
Therefore, the inboard surface of the RSRM was 15 to 25°F
(8.33 to 13.89°C) colder than ambient. Most of this tempera-
ture drop took place on the portion of the RSRM surface
which was below the ET and was thought to be due to the
recirculation region that was present there (Figs. 3 and 4).
At the 100-ft (30.48-m) distance, which was approximately
the aft field joint location, the surface temperature was
approximately 8°F (—13.33°C). This temperature compares
with the 0°F (—17.78°C) temperature calculated previously
for this joint using the one-dimensional analysis.? The 8°F
(- 13.33°C) temperature difference is not too surprising when
one considers that the present two-dimensional analysis would
be expected to give higher mixture temperatures in the inboard
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region as a result of the ambient air induction into the compu-
tational domain, a possibility that did not exist in the one-di-
mensional analysis. This induction is due to the heat sink
represented by the cold surfaces. Despite this difference, and
other differences between the two analyses, it is important to
note that both predict a marked cooling effect of the GOX on
the flow within the inboard region. i

The calculated RSRM surface temperature on the east or
outer side of the RSRM (surface 3) is shown in Fig. 5c,
again as a function of distance from the top of the RSRM.
These results show that this temperature varies from 10°F
(—12.22°C) at the top to 4°F (— 15.56°C) at the bottom with
the average surface temperature being 8°F (- 13.33°C). Thus
one concludes that the cooling effect of the GOX vapor is not
limited to the inboard region but has an effect on other regions
within the STS launch pad environment as well.

The relatively cold subambient temperatures calculated on
surfaces 1, 2, and 3 bear further testimony to the cooling effect
the vented GOX vapor has on the STS environment. These
results were not totally unexpected in view of the results of two
earlier studies.!®15 In the first of these studies,' an attempt was
made to determine the cooling effect on the SRM surface
facing the ET (surface 2 in this study) when this surface was
intersected by a free convection boundary layer as a result of
its growth along the surface of the fully loaded ET. With an
assumed ambient temperature of 23°F (~5°C) in a quiescent
(no wind) environment, the minimum surface temperature cal-
culated along the RSRM was found to be near ambient (23.5°F
or —4.72°C) while the minimum temperature on the ET was
—29.5°F (—1.39°C) or 52.5°F (29.17°C) below the ambient.
Since this earlier study did not include the effect of the GOX
vapor, the larger ET surface temperature depression of 59°F
(32.78°C), as calculated in this study, came as no surprise.

The second study!® dealt with the free convective flow
within what is defined as the inboard region in this study. The
analysis was done for a 1-kt (0.52-m/s) west wind, an ambient
temperature of 38°F (3.33°C), and an assumed ET surface
(surface 1 in this study) temperature of 10°F (— 12.22°C). The
temperature on the SRM surface (surface 2 in this study) was
calculated to be 34.5°F (1.39°C) or 3.5°F (1.94°C) colder than
ambient. This 3.5°F (1.94°C) cooling of the SRM surface in
the absence of the vented GOX effluent is certainly much less
than the 15 to 25°F (8.33 to 13.89°C) cooling effect that was
actually determined in this study for the RSRM surface when
the GOX vapor is present. Thus, the surface temperatures
predicted in this study are much lower than estimates from
these earlier studies.

Surface Temperaturé Correlations

References 16 and 17 provide information on prelaunch
surface temperature measurements made on the lower surfaces
of the east and west SRMs and RSRMs during 27 launches of
the STS. Shown in Table 1, these measured temperatures 7,
were correlated in this study as a function of the ambient
temperature to give the following expressions for the surface
temperature:

East motors:

T(°F) = 1.059T.(°F) — 6.979 (17a)
or

T,(°C) = (5/9) [ T,(°F) - 32| (17b)
West motors:

T,(°F) = 0.898 T..(°F) + 3.632 (182)
or

T,(°C) = (5/9) [T:(°F) - 32] (18b)
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Table 1 Lower solid rocket motor/redesigned solid rocket motor temperature history
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East SRM West SRM
To, Tom»  Tsps AT,2 Tom>» Tep, AT,a
n Launch  Date °F(°C) °F(°C) °F(°C)  °F(°C) °F(°C) °F(°C}  °F(°C)
1 511 08-24-85  83(28)  82(28) 85(29) -3(—1)  82(28) 78(26) 42)
2 51-7 10-03-85  79(26)  79(26)  79(26) 0(0) 82(28)  74(23) 8(5)
3 STS-31 11-26-85 78(26) 86(30)  78(26) 8(4) 84(29) 73(23) 11(6)
4 STS-28 09-12-85 77(25) 84(29)  76(24) 8(5) 82(28)  73(23) 9(5)
5 STS-27 08-25-85 77(25) 77(25)  76(24) 1(1) 77(25)  73(23) 42)
6 —_ 08-27-85 7524) 77(25)  73(23) 4(1) 7725)  71(22) 6(3)
7 STS24 04-29.85  73(23)  48(9) 71(22) -23(—13) 47(8) 69(21) —22(—13)
8 STS-25 06-16-85 72(22) - 7021)  69(21) 1(0) 72(22)  68(20) 4(2)
9 ——  01-10-:86  67(19)  65(18) 63(17) 2(1) 65(18)  64(18) 1(0)
10 STS-32 01-07-86 65(18)  65(18)  63(17) 2(1) 6317)  64(18) (-1
11 . ——  01-12-86  65(18)  59(15) 60(16) —1(—1)  62(17) 62(17) 0(0)
12 STS23 04-12-85  65(18)  69(21)  60(16) 9(5) 67(19)  62(17) 5(2)
14 ——  12-19-85  36(13) . 60(16)  50(10) 10(6) 60(16)  55(13) 503)
15 ——  01-06-86  56(13) = 61(16)  49(9) 12(7) s2(11)  54(12) 2(-1)
16 —_— 12-19-85 56(13) 60(16) 49(9) 12(7) 60(16)  54(12) 6(4)
16 —— 012786  43(6) 34(1)  34(1) 0(0) 38(3)  43(6) —5(-3)
17 STS-33  01-28-86  28(—-2)® 14(—10) 18(—8) —4(=2) 28(-2) 29(—2) ~1(0)
18 STS-26 09-29-88 84(29) 74(23)  86(30) —12(=7) 62(17)  79(26) —-17(-9)
19 STS27 12-02-88  54(12)  36(13)  46(8) 10(5) 56(13)  52(11) 42)
20 STS-29 03-13-89 65(18) 56(13) 60(16) —4(-3) 59(15) 62(17) -3(-2)
21 STS-30 05-04-89  78(26)  72(22) 78(26)  —6(—4)  74(23)  73(23) 1(0)
22 STS-28 08-08-89 80(27) 74(23) . 80(27) —6(—4) 7524)  75(24) 00)
23 STS-34 10-18-89  84(29) . 77(25) 86(30) —9(=5)  75(24) 19(26) —4(-2)
24 STS-33  11-22-89  66(19)  59(15) 61(16) —2(—1)  59(15) 63(17) —4(~2)
25 STS-32  01-08-90  52(11)  53(12)  44(7) 9(5) 54(12)  s1(1) 3(1)
26 STS-36 02-28-90 65(18) 64(18)  60(16) 4(2) 62(17) -62(17) 00)
27 STS-31 04-24-90 70(21) 66(19) 67(19) —-1(0) 64(18)  66(19) -2(-1
AT =T, ~ T, pe ‘ R
bShown as 23°F (— 5°C) and 24°F (— 4.44°C) as in Refs. 15 and 2, respectively.
100 _ ’ a8 temperature of 28°F (—2.22°C), as shown in Fig. 6a, is valid.
a. East SRM/RSRM ‘ Neither the wind speed nor the wind direction was included in
. . the development of these correlations. Table 1 includes pre-
801 Is (OFC) =_1f59°TF°° ( 3? R 12'979\ [ 267 dicted surface temperature 7} , using these correlations as well
2 °0) = [Te CF) = 32) as denoting the difference AT between the measured and pre-
60 - L 15.6 dicted values.
Figure 6a shows that, upon extrapolating the correlation
404 L 44 toward a 0°F (—17.78°C) ambient, the expected surface tem-
' perature on the east RSRM would be 8.91°F (—12.83°C) for
the 15°F (—9.44°C) local ambient used in the present analysis.
20 " a Too = 15°F, -9.4°C (local) | &7 This is in excellent agreement with the average values of 7°F
.91 - /‘Tm = 24°F, -4.4°C -13.4 (—13.89°C) and 8°F (— 13.33°C) that were calculated for sur-
( Y P e N — -17.8 faces 2 and 3, respectively. This agreement may be somewhat

a) East SRM/RSRM

100 - g 37.8
b. West SRM/RSRM

Ts (°F) = 0.898 Teo (°F) + 3.632

Lower surface temperature, Tg (°F)
tower surface temperature, Tg (°C)

80 1 1, (°0) = 175 (°F) - 321 5/9 s
60 - - 156
40 - - 4.4
>
20 ~ o L 6.7
17.10 — Too = 15°F, -9.4°C (local) -8.9
- Too = 24°F, -4.4°C
P / e -17.8
0 1 20 30 40 50 60 70 80 90 100 (°F)

L] T T T 1 T T L T 1

-17.8 -12.2 -6.7'-1.1 4.4 10.0 15.6 21.1 26.7 32.2 37.8 (°C)
Ambient temperature, Teco

b) West SRM/RSRM

Fig. 6 East and west SRM/RSRMs lower surface temperatures as
measured prior to launch.

These correlations are shown in Figs. 6. Given the scatter of
the data and the limited amount at lower temperatures, extrap-
olation to low temperatures is still reasonable.!® That is, the
inclusion of the lgwest measured temperature at an ambient

fortuitous since the analysis was limited to a two-dimensional
assessment and the choice of a local temperature was some-
what arbitrary. However, the fact that this combination of
analytical approach and local temperature concept led to this
agreement adds credibility to the assumed 10% GOX concen-
tration at the entrance to the inboard region, as indicated
earlier by the results of the one-dimensional analysis.?

The surface temperatures on the west SRM/RSRMs were
also correlated, even though thesé'motors were not considered
in the present analysis. A comparison of the correlations in
Figs. 6 shows that the lower surface on the east SRM/RSRMs
is colder than that on the west SRM/RSRMs. This had been
anticipated at the start of this study when the decision was
made to primarily model and analyze the flow, thermal, and
concentration fields around the east RSRM,

Heat Transfer

Heat transfer calculations (heat transfer coefficient or the
Nusselt number) were not the primary objective of this study.
To validate the results of this study (coupled flow and thermal
fields, calculated quantities at the surfaces such as surface
temperatures and Grashof number), an attempt was made to
calculate heat transfer results using a well-established correla-
tion given by Eckert-Jackson.!!* This correlation applies to
turbulent free convection along an isothermal, single heated/

. cooled vertical flat plate in air. Another reason for considering
"heat transfer was to validate the assumption of treating the
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cylindrical components (RSRMs, ET) of the STS as vertical
flat plates, using available heat transfer theory on free convec-
tion along a single vertical flat plate.

The heat transfer rate is commonly expressed in terms of the
local or average heat transfer coefficient or the dimensionless
Nusselt number.

The local heat transfer coefficient was calculated as

h(z) = Nu(2)k»(ys,2)/z

_ Gr(Z) 5 7/15 km(ysaz)
= O'OZQS[P—r, (ZJ [Pr(z)] - @

and is shown in Fig. 7 for surfaces 1, 2, and 3 along with the
average heat transfer coefficient, which was calculated as

A(L) =Nu(L)k,/L

Gr(L) [** kn(L)
= 0.0246[1)’[ (L)} [PrL))s T (20)
where
Gr(L) = gB[To(L)— Tw | L3/ [H(L)]? @D

is the average Grashof number.

For vertical plates, the critical Grashof number corre-
sponding to transition to turbulence is Gr(z).=1.43x10°
and the corresponding critical Rayleigh number is Ra(z).
=Gr(z).Pr(z)=10°.

The Rayleigh numbers at the end of surfaces 1, 2, and 3
are larger than the critical value by factors of 1.05x 108,
1.70x 105, and 1.1333 x 10°, respectively. Moreover, the aver-
age calculated Rayleigh number for any of the three surfaces
is higher than the critical Rayleigh number. Because of the
Rayleigh number’s dependency on the cube of the length and
the large length associated with the RSRMs and the ET, the
Rayleigh numbers obtained in this study (up to 10%°) were three
orders of magnitude larger than the largest (10'2) reported in
the literature. Therefore, the correlations in the literature may
not apply to the present problem because their range of appli-
cability is limited to lower Rayleigh numbers. Since surface 3
is relatively warmer than surface 2, the average Rayleigh num-
ber along surface 3 is 7.4% higher than that of surface 2, even
though the mixture thermal properties are the same.

Reference 19 states that a vertical cylinder may be treated as
a flat vertical plate when

D - 35 22)
L)~ [Gr)]*
—
N / - 11,36
. .
= / Surface 1
= 154 Y - 8.52
2 e
E 1 /_/ 9
[}
o K 1
3 = 4,0 Surface 3 L 5.68 "t
8 £ " / >
HE === _ 3
g a Surface 2
g 051 Surface R(L), §I R(L), English _ Nu( | 284
T 1 8.35 1.47 1.15 x 104
2 4.03 0.71 4.62 x 10:
3 4.09 0.72 4.76 x 10
0.0 - T T r T T - 0.0
20 40 60 80 100 120 140 (ft)

T 1 i 1 1 T
0.0 6.1 12.2 18.3 24.4 30.5 36.6 42,7 (m)

Distance from the top of a surface

Fig. 7 Local and average heat transfer coefficients along surfaces 1,
2, and 3 of Fig. 2. '
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where D is the diameter of the cylinder and L is the character-
istic length. Applying this equation to the ET (D =28 ft or 8.54
m) and the RSRM (D =12 ft or 3.66 m) where L =140 ft
(42.67 m) for both and then using the previously calculated
average Grashof numbers of 3.09x 10¥, 3.15x10!3, and
3.4x10'3 for surfaces 1, 2, and 3, respectively, it was shown
that this requirement was met. That is, the assumption of
treating the cylindrical components (RSRMs, ET) of the STS
as vertical flat plates is valid.

References 4 and 5 provide additional details on the present
two-dimensional study. They include information on the ve-
locity boundary-layer thickness, the downdraft velocity as a
function of the length, the characteristic velocity, the relative
values of the laminar and turbulent Prandtl numbers along
each of the three surfaces, the thermal conductivity of the
mixture adjacent to each surface, and the temperature gradient
of the mixture along each surface.

The results of this study indicate that the vented GOX vapor
can have a significant cooling effect on the STS launch pad
environment. Since this has not been firmly established, more
detailed two- and three-dimensional analyses will be conducted
in the future. ' '

Conclusions

The following statements summarize the results of the anal-
ysis and the conclusions that were reached,

1) The minimum temperature of the negatively buoyant
GOX/air mixture was found to be —34°F (—36.67°C) near
the base of the inboard region and adjacent to the ET. Repre-
senting a 58°F (32.22°C) temperature depression, it is com-
parable to the 52.5°F (29.17°C) temperature depression calcu-
lated in Ref. 15 in the absence of GOX vapor.

2) The predicted surface temperatures along the inboard
surface of the ET ranged from 3°F (—-16.11°C) at the top to
—61°F (—51.67°C) at the bottom, where the latter, although
possibly too low, emphasizes the potential severity of GOX
cooling. '

3) The RSRM inboard surface temperatures varied from
9°F (— 12.78°C) at the top to — 1°F (—18.33°C) at the bot-
tom, giving an 8°F (—13.33°C) temperature at the aft field
joint location and an average 7°F (— 13.89°C) temperature
along the surface. .

4) The surface temperatures on the outer surface of the
RSRM varied from 10°F (—12.22°C) at the top to 4°F
(—15.56°C) at the bottom, giving an average temperature of
8°F (—13.33°C) along the surface.

5) The predicted 8°F (—13.33°C) temperature for the aft
field joint in the inboard region of the RSRM was, as expected,
somewhat warmer than the 0°F (—17.78°C) temperature pre-
dicted for this joint with the more conservative one-dimen-
sional analysis.2

6) The computed average surface temperatures of 7°F
(—13.89°C) and'8°F (—13.33°C) on the inboard and outer
surfaces of the RSRM are in excellent agreement with the
predicted temperature of 8.91°F (—12.83°C), as obtained
from a correlation of the east SRM/RSRM prelaunch motor
temperatures from 27 STS flights. Although this agreement
may be due to the combination of a two-dimensional analysis
and the choice of local ambient temperature, it does suggest
that GOX vapor 'has an appreciable cooling effect.

7) This agreement of the surface temperatures lends credi-
bility to the assumed 10% GOX concentration suggested by
the previous one-dimensional analysis? and used in this study.
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