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External Tank Chill Effect on the Space Transportation System

J. SPACECRAFT

Launch Pad Environment

R. A. Ahmad* and S. Boraast
Thiokol Corporation, Brigham City, Utah 84302

The external tank (ET) of the Space Transportation System (STS) contains liquid oxygen and liquid hydrogen
as oxidizer and fuel for the Space Shuttle main engines (SSMEs). Once the cryogens have been loaded into the
ET, the temperature of the air surrounding the STS is chilled by the cold outer surface of the ET. This paper
describes a two-dimensional flow and thermal analysis to determine this chill effect on the STS launch pad
environment subsequent to the ET loading operation. The analysis was done assuming winter conditions and a
northwest wind direction. An existing CFD code, Parabolic Hyperbolic Or Elliptical Numerical Integration
Code Series (PHOENICS ’81), was used in the study. The results are presented as local and average values of
the heat transfer coefficient, the Nusselt number, and the surface temperature around the redesigned solid rocket
motors (RSRMs) and the ET. The temperature depression caused by the ET chilling of the air in the vicinity of
the RSRMs was calculated to be 3°F below the ambient. This compares with the observed 1-2°F RSRM surface
temperature depression based upon measurements made prior to the winter flight of STS-29. Since the surface
temperature would be expected to be slightly higher than the local air temperature, the predicted temperature

VOL. 28, NO. 3

depression of the air appears to be substantiated.

Nomenclature

D =diameter of the RSRM (12.2 ft) or the ET (28 ft)

F.4y =view factor of the RSRM or the ET to the sky (0.5)

G =thermal conductance of the RSRM or the ET,
Btu/h-ft*>-°F

h = convective heat transfer coefficient, Btu/h-ft2-°F

kb, =lower and upper limits on the average heat transfer
coefficient, Btu/h-ft2-°F

A, =mean value of the average heat transfer coeff1c1ents,
Btu/h-ft?-°F

h, =radiative heat transfer coefficient, RSRM or ET to
the sky, Btu/h-ft2-°F

ks = thermal conductivity of air, 0.013 Btu/h-ft-°F

ke = turbulence kinetic energy, ft?/s?

K = statistical variable dependent upon the population
size

n = population size

Nup  =Nusselt number (hD/ky)

Pr = Prandtl number

Rep, =Reynolds number (UD/v)

t =half the thickness of the adjacent cell to the surface

T = temperature, °F

U, =freestream wind velocity, ft/s

y,2  =Cartesian coordinates (Fig. 2)

€ = emissivity of the RSRM (0.9)

ep =rate of dissipation of turbulence kinetic energy, ft2/s?

v =kinematic viscosity of air (0.4565 ft2/h)

g = Stefan-Boltzmann constant (0.1714x 10-8
Btu/h-ft?/°R%)

g’ = population or biased standard deviation

] =angular direction, deg (Fig. 3)

Subscripts .

a =local ambient in the vicinity of the STS

cell  =finite volume adjacent to a wall

D =based on diameter
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d =depression (Te — Ty min)
f = fluid
fsp = forward stagnation point
i =inside

min =minimum

NC  =natural convection

o =outside

rad  =radiation

s =surface

sky  =sky temperature

o = freestream conditions
Superscript

— =average

Introduction

HE external tank (ET) of the Space Transportation Sys-

tem (STS) contains 146,000 gal of liquid oxygen and
393,000 gal of liquid hydrogen as oxidizer and fuel for the
Space Shuttle main engines (SSMEs). The loaded ET has a
chilling effect on the STS launch pad environment. To deter-
mine this effect requires that the STS adjoining flowfield be
known with sufficient accuracy so that accurate heat transfer
coefficients can be determined at the STS component surfaces.
This chilling effect has been studied,!-* but, in each of these
instances, the coefficients have been estimated since the exact
flowfield was unknown. The purpose -of this study was to
obtain a more accurate assessment of the chilling effect
through the use of more accurate heat transfer coefficients
since coefficients found in literature are generally inappropri-
ate for the low wind/large multiple cylinder configuration
typified by the STS on the launch pad. Thus the coefficients
were obtained from a more exact two-dimensional calculation
of the flow/thermal field using the STS geometry and the
PHOENICS ’81 flow/thermal code.5’

The flow/thermal field was calculated in a plane parallel to
and through a slice between two planes perpendicular to the
STS longitudinal axis and passing through the lower portions
of the redesigned solid rocket motors (RSRMs), the ET, and
the wing of the Orbiter as shown in Fig. 1. The flow was
generated by a wind from the northwest direction, a condition
which frequently prevails in winter at the launch site. Results
from this two-dimensional PHOENICS ’81 solution were first
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used to provide accurate boundary conditions for a three-di-
mensional Global Thermal Model (GTM), which had been
developed for use during the RSRM redesign. Results also
provided accurate coefficients for use in the design of the
heaters for the RSRM case joints and igniter, in the determina-
tion of the required temperature conditioning of the region
between the RSRM aft skirt and nozzle, and in the prediction
of the RSRM propellant mean bulk temperature (PMBT). In
this study, the solution provided the necessary flow/thermal
information where the thermal field was solved by using a
forced convection heat transfer mode. The local and average
values of the heat transfer coefficient, the Nusselt number,
and the wall temperature around the RSRMs and the ET were
calculated along with the temperature depression of the air,
relative to the ambient, in the vicinity of the STS. Since polar
coordinates could not be used because of the complex geome-
try, a Cartesian system with stepped walls was used.

Future improvements in the determination of these coeffi-
cients will include the chilling effect of the downdraft pro-
duced by the purged gaseous oxygen (GOX) from the top of
the ET. This should make for an even more precise prediction
of the temperature depression and the STS surface component
temperatures.

Previous Studies

The STS launch configuration was first modeled thermally
by SRS Technologies! for the solid rocket motor (SRM) where

the emphasis was placed on evaluating the temperatures of the

lower right SRM segment during a period of several hours
before launch and after completion of the ET tanking opera-
tion. In that study, the heat transfer coefficient around the
SRM was selected to be in the range of 0.5 to 4 Btu/h-ft?-°F
for wind speeds of 0-20 mph and sky temperatures of — 15 to
—30°F. The minimum SRM surface temperature at launch
was determined to be 27°F for an ambient temperature of
23°F, a sky temperature of — 15°F, a wind speed of 10 mph,
and an assumed forced convection heat transfer coefficient of
2 Btu/h-ft2-°F. At the same time, the ET surface temperature
was determined to be at —29.5°F assuming a natural convec-
tion heat transfer coefficient of 0.98 Btu/h-ft2-°F. For these
conditions, the temperature depression of the air adjacent to
the ET was found to be 5.5°F.

In an earlier study, Singhal et al.2 had determined the feasi-
bility of using hot-gas jets to prevent prelaunch ice formation
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on the ET. In that study, the PHOENICS code adequately
modeled the three-dimensional jet/ambient thermal environ-
ment. The results of this analysis, which dealt with heating of
the air adjacent to the ET and the SRMs to a temperature as
much as 100°F warmer than ambient, provided neither infor-
mation nor insight into its cooling as a result of being in
contact with the cold ET surface.

Bachtel® summarized the results of some two- and three-di-
mensional analyses conducted during the STS-51L investiga-
tion period to determine the maximum subcooling at the SRM
and the ET surfaces. These results showed that at the SRM
surface, the subcooling could be as much as 1.5-5.5°F; the
latter being the value determined by SRS Technologies.

Rockwell International (RI),* in its latest version of the
Thermal Interfaces Design Data Book (TIDDB), has provided
prelaunch surface temperature histories of the Space Shuttle
components on the launch pad for a cold day environment and
after completion of the ET tanking operation. The surface
temperatures at the lower portions of the SRMs, which corre-
spond to the slice considered in this study, are given as a
function of time starting at 70 h prior to launch. The temper-
atures were determined to be in the range of 16 to 40°F, for a
38°F ambient temperature. Thus a maximum surface tempera-
ture depression of 22°F could be expected as a result of ET
chilling. Mongan,® in a related RI study, showed that the local
air temperature adjacent to the SRM surface could be as much
as 16°F less than the ambient for a quiescent or no wind
condition. This temperature differential was shown to de-
crease rapidly with increasing wind speed as a result of in-
creased mixing of the local chilled air with the ambient.

Present Study
In all of the previous studies, the appropriate heat transfer
coefficients were estimated since the actual three-dimensional
flowfield was not known. In this study, the PHOENICS ’81
code was used to determine a more exact flowfield of the STS

» launch pad environment and consequently more exact heat

transfer coefficients. These permitted a more precise calcula-
tion of the ET chill effect in terms of the local air temperature
depression and RSRM surface temperatures. The governing
equations within PHOENICS ’81, the numerical model, and
the boundary conditions used in the present study are dis-
cussed in the remainder of this section.

" Governing Equations

The PHOENICS ’81 is an accepted industry-wide multidi-
mensional computational fluid dynamics and heat transfer
computer code®’ that has been used extensively in the aero-
space industry for a variety of applications. The code uses a
fully conserved and implicit formulation to solve the Navier-
Stokes equations. The conservation of phase-mass, momen-
tum, energy, chemical species, and other fluid properties are
all expressed in PHOENICS °81 by the general partial differ-
ential equation®’

8/0t(rip; ;) + div(ripivid; — riT yigrade;) =r; Sy; ¢Y)

where ¢; is the ith component of the conserved property ¢, r;
and p; are the volume fraction and density of ¢;, and where
8/t (ripid:), div(ripivi¢;), and div(r;,T'y grad¢;) denote, respec-
tively, its transience, convection, and diffusion. The term T'y;
is the exchange coefficient for ¢; and S,; defines its source(s).
The partial differential equation for each of the conserved
quantities is converted to a finite difference form using a
staggered grid and upwind differencing scheme that embodies
finite-domain formulation. Integration of the partial differen-
tial equations led to a set of finite domain equations (FDEs),
one for each conserved quantity, which were solved by
PHOENICS ’81 in an iterative manner because of their non-
linearity. PHOENICS ’81 has the flexibility to represent solid
obstructions in the flowfield by the blockage concept.
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The heat conductances through the composite walls of an
STS component were calculated assuming one-dimensional
conduction heat transfer. Using the thicknesses (x;) and ther-
mal conductivity (k;) of each jth layer of a composite wall, the
heat conduction (g.o.q) through n layers was calculated from

j=n
qcbna= L (T — T)/ (x/k); )
Jj=1

where T; is the inner surface temperature of the inner layer,
and T is the temperature at the outer surface. In this study,
the inner temperature 7; of the RSRM wall was the PMBT,
while that inside the ET was assumed to be that of liquid
hydrogen.

Numerical Model

The primary task in this study was the determination and
the analysis of the two-dimensional flow/thermal field gener-
ated by a northwest wind in a plane parallel to and passing
through the two-dimensional slice of the STS as shown in Fig.
1. The generation of this field assumed the flow to be steady,
turbulent, and elliptic.

Figure 2 shows the two-dimensional solution domain used
in the determination of this field. The domain had a highly
nonuniform grid to permit a better resolution in the areas of
interest. The two-dimensional domain (115x 65 ft), which
contains the STS components, was divided into 138 X 73 cells
in the y and z directions, respectively, for a total of 10,074
cells. This is more than twice the number of cells (4224) used
in the three-dimensional study of Ref. 2; consequently, it
provided a good resolution near the ET surface.

A Cartesian coordinate system with stepped walls was used
in this study as it had been done in an earlier study? of the
Space Shuttle environment. Although body-fitted coordinates
(BFC) were available, they were not being widely used at the
time this study was initiated. The choice of a Cartesian system
also allowed for ease of setup and computational economy
although the BFC coordinates would have provided greater
accuracy in the heat transfer results. It would appear that the
use of stepped walls to approximate oblique walls might lead
to inaccuracies as a result of recirculation zones forming
within the steps. However, in the present study, the grid was
too coarse to resolve the detail around the steps, and conse-
quently the solution procedure simply ‘‘sees’’ the inclined
wall. This stepped procedure does not prevent useful results
from being obtained especially in situations where the flow is
not dominated by wall shear. Furthermore, in a supporting
investigation where the method of partial porosity was used to
represent the RSRM surface more accurately, it was shown
that the quality of the solution was not improved.

The flow around the STS components in this problem in-
volves the convection of scaler quantities along a direction
that is not aligned with the y or z directions. When this
situation arises, numerical schemes will give rise to a phenom-

enon known as numerical diffusion (false diffusion). This can -
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Fig.2 Two-dimensional computational grid of the STS components.
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be minimized through. a more accurate interpolation of a flow
variable between nodal points and/or through the use of a
finer grid. PHOENICS ’81, with its built-in schemes, achieves
this increased accuracy in interpolation. Special attention was
also given to the selection of a grid to further reduce the effect
of this diffusion. ,

The final size of the computational domain had been deter-
mined in an earlier study® where starting from a small grid the
number of grid points was gradually increased until grid inde-
pendent results were achieved. Several grid sizes were exam-
ined before choosing the final grid of 138 x 73 cells. In the case
of a smaller grid (118 X 69), a laminar flow generated by a west
wind produced a wake on the downstream side of the east
RSRM, which resulted in nonuniform flow at the outlet. The
domain was then increased to its final size by increasing the
number of cells in the wake region and adding a region to the
south side of the Orbiter. The laminar flow case was then
rerun, and the results demonstrated that the flow was now
uniform after 300 sweeps and fully converged after 700
sweeps. Repeating the above calculations indicated that 1000
sweeps would be required for convergence whenever the flow

‘ is turbulent.

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
convergence difficulties are expected within that region. The
procedure for doing this in PHOENICS ’81 is described in
Refs. 6 and 7.

Boundary Conditions

The requirements complied with and the boundary condi-
tions used in this analysis are as follows.

1) The study complied with the requirements of Contract
End Item Specification No. CPWI-3600A° but did not ac-
count for rainfall or ozone in the launch pad area.

2) The northwest wind speed of 58 ft/s satisfied the maxi-
mum wind speed requirement of Ref. 10. The direction of the
wind was 30 deg south of north. This was considered to be a
typical wind direction for the winter months at the Kennedy
Space Center launch site.

3) The assumed ambient temperature of 15°F was conserva-
tive because it was much lower than that expected during a
winter launch. The effective sky temperature* was assumed to
be —30°F.

4) The temperature of the air in the RSRM cavity or motor
bore was assumed to be that of the PMBT. At 52°F, this was
the coldest PMBT ever experienced.!!

5) The temperature at the inner boundary of the ET for the
fuel tank was assumed to be that (—423°F) of liquid hydro-
gen. 2

6) The view factor of the RSRM to the sky was assumed to
be 0.5.

7) The thermal radiation exchange between the RSRM and
the ET was not included because the capability of calculating
view factors with a code such as FACET was not available at
the time.

8) The mass flow rate, velocity, enthalpy, turbulence kinetic
energy, and its rate of dissipation were applied as input
boundary conditions along the domain’s inlet regions 1 and 2
(Fig. 2).

9) The outlet boundaries along regions 3 and 4 were treated
as constant pressure boundaries; that is, fluid was allowed to
enter or exit depending on the local calculated difference
between the near-boundary grid pressure and the ambient
pressure.

10) The surface of the Orbiter was assumed to be adiabatic.

11) Turbulence effects were accounted for by using the

two-equation (ke-ep) turbulence model.
The conservative assumption made in the selection of an ambi-
ent temperature of 15°F and the assumed 30-deg direction for
the northwest wind was expected to result in the most severe
ET chilling effect.
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Fig. 3 Two-dimensional streamlines around the STS components.

Results

The numerical model and the imposed boundary conditions
were used to make two calculations of the flow/thermal field
surrounding the STS components (RSRMs, ET, Orbiter). The
first of these was conducted without thermal radiation to the
sky; the second considered radiation. The inner temperatures
of the RSRMs (52°F) and the ET (—423°F) along with that of
the sky (—30°F) and the ambient (15°F) served as thermal
drivers. With heat conduction considered through the walls of
the ET and RSRMs and heat convection at their outer surface,
the flow/thermal analyses were truly conjugate.

Because of the concern with flow convergence within the
wake of the ET, a monitor cell was chosen to lie on the
leeward side of the ET. Identified by cell number IX=1,
IY =87, and 1Z =60, this cell is shown in Fig. 2. Calculations
of the flow variables (enthalpy, velocity, pressure, turbulence
kinetic energy, and its rate of dissipation) within the entire
two-dimensional domain were made by monitoring the same
variables in the monitor cell during repeated sweeps until
convergence was reached. Results of some of these calcula-
tions, such as the streamlines around the STS components as
shown in Fig. 3, are common to both cases. These streamlines
are shown to adjust to the presence of the STS components.
Several vortices appear; the largest is on the east side of the ET
in the expansion region downstream of the vena contracta
between the ET and the Orbiter wing. This flowfield compares
very well with the results of a similar but later study at RI.!3

Case 1: Without Thermal Radiation to the Sky

In this case, radiation exchange between the STS compo-
nent surfaces and the sky was not considered. Figure 4 shows
the computed isotherms in the vicinity of the STS compo-
nents. The maximum and minimum air temperatures were
found to be Ta=15°F and Ty, = 11.9°F; the latter repre-
sents a 3.1°F temperature depression relative to the 15°F
ambient. The average surface temperatures of the west
RSRM, the east RSRM, and the ET were caiculated to be 26,
26, and — 10.8°F, respectively. Reference 10 states, ‘‘Once
External Tank loading has been initiated, the temperature of
the air surrounding the other shuttle elements is affected by
chilling from the cold surface of the External Tank and from
the SSME drain purges and, for the cold day case, the com-
bined effect can be up to 5 degrees Fahrenheit colder than the
ambient air temperature.’”’ It should be noted that the 5°F
temperature depression quoted here is the same value noted
earlier'? and is based on a natural convection boundary layer
along the ET. The above computed value of 3.1°F for the
temperature depression is slightly more than half of the above
quoted value and represents a reduction in the natural convec-
tion value as a result of mixing the local chilled air with the
warmer ambient air due to the influence of the northwest
wind.

Since the present study dealt with forced convection, a
comparison was made with the forced convection results of

- N
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N

Fig. 4 Isotherms around the STS components.

the analysis conducted by RI.!? In that study, surface temper-
atures of 0, 10, and 25°F were specified for the ET, while the
surfaces of the SRMs were assumed to be adiabatic and at the
ambient temperature of 38°F. Thermal radiation to the sky
was not considered but different wind directions were as-
sumed. RI concluded from their results, based upon their
computational domain of 3007 cells, that a northwest wind
would produce the maximum ET cooling effect on the east
RSRM. This confirmed what had been assumed in this study.
In the same RI document, a conclusion was made that stated,
‘“Although the combined probability of low wind speed and
low ambient temperature is rare (References 6.13 and 6.14), a
temperature depression of more than 10°F was calculated at 1
knot West wind conditions and can occur.”

The local surface temperature of either RSRM or the ET
was calculated from an energy balance between the fluid cell
adjacent to a surface and the surface:

T; = [(ks/)Teean + GTi)/[(Ks/1) + G 3

Figure Sa shows the local surface temperature around the east
and west RSRM as a function of the angular coordinate. Due
to the temperature scale used, temperature variations are not
as large as they might appear. Figure 5b gives the variation of
the surface temperature around the ET. The maximum tem-
perature variation in the angular direction for either RSRM
and the ET is 1.6°F. Reference 14, in a report on the Chal-

~ lenger accident, states, ‘‘It is possible that the aft field joint of

the right Solid Rocket Booster was at the lowest temperature
at launch, although all joints had calculated local tempera-

- tures as low as 28 = 5 degrees Fahrenheit.”” The RSRM sur-
" face temperature results of this study are in agreement with

this statement.

Figure 6a shows the angular variation of the heat transfer
coefficient for both RSRMs and the ET. The average heat
transfer coefficients around the west RSRM, east RSRM, and
the ET were calculated to be 4.64, 4.69, and 4.63 Btu/h-ft2-°F,
respectively. The corresponding local Nusselt numbers around
the RSRMs and those around the ET are given in Refs. 15 and
16. The average Nusselt numbers around the west RSRM, the
east RSRM, and the ET were calculated to be 4075, 4120, and
9596, respectively.
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the STS on the launch pad.
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Case 2: With Thermal Radiation to the Sky

In this case, thermal radiation exchange between the RSRM
surfaces and the sky and the ET surface and the sky were
included. The net radiation heat flux exchange can be conve-
niently expressed as

Grad = hy (Ts — Tgy) “)
where

h, = e(’(Ts + Tsky)(Ts2 + Tszky)Fs-sky (5)

4.200

J L T L Fl L [ IR DO S
30 60 90 120 150 180 210 240 270 300 330 360
b) 6 (degrees) .

Fig. 6 Local heat transfer coefficient around the RSRMs and the ET
of the STS on the launch pad.

With these equations, the radiation has been modeled in a
manner similar to convection in that the radiation flux equa-
tion has been linearized. This makes the heat rate proportional
to a temperature difference rather than to the difference be-
tween two temperatures to the fourth power. This is done in
compliance with the method of representing heat sources/
sinks in the PHOENICS ’81 code. The thermal properties
were evaluated at the ambient temperature. The local surface
temperature was then calculated as follows:

Ts = [(kf/t)Tcell + hrTsky + GTI]/[(kf/t) + hr + G] (6)

The results for this case are discussed in detail in Refs. 15 and
16 and are given in Figs. 4b, 5c¢, 5d, and 6b. The results
correspond to the results of case 1 when thermal radiation
exchange to the sky was not included. They are summarized as
follows:

1) The average surface temperatures of the west RSRM, the
east RSRM, and the ET were calculated to be 24, 24, and
— 12°F, respectively. Thus radiation to the sky results in an

 additional temperature drop of 2°F in the average surface

temperatures of the RSRMs and the ET when compared with
the case 1 results.

2) The average heat transfer coefficient around the west
RSRM, the east RSRM, and the ET were calculated to be 4.29,
4.32, and 4.54 Btu/h-ft*-°F, respectively. This shows a de-
crease in the heat transfer coefficient when radiation to the sky
is considered.

3) The corresponding average Nusselt numbers around the
west RSRM, the east RSRM, and the ET were calculated to be
3873.5, 3905, and 9867, respectively. These results show tl}at
Nusselt numbers on the RSRMs decreased as a result of radia-
tion while the number for the ET increased.

4) The temperature depression in the vicinity of the STS was
calculated to be 3.1°F (Fig. 4b), which is the same as that

‘ found in case 1 in the absence of radiation.
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The above results show that the ET can chill the local air to
about 3°F below the ambient temperature during severe winter
conditions. This compares with the 1-2°F surface temperature
depression on the RSRMs as determined from the ground
environment instrumentation during the winter flight of STS-
29. Since a surface temperature would be expected to be
slightly higher than that of the local air adjacent to the sur-
face, there appears to be an agreement between the predicted
temperature depression and the STS-29 surface temperatures.
Differences between the two values may have been the result
of other factors. First, the ambient temperature used in the
present PHOENICS ’81 prediction was much colder than the
actual launch temperature of STS-29. Second, the two-dimen-
sional PHOENICS ’81 solution is only a partial representation
of the three-dimensional flow in the STS environment. These
and possibly other factors could explain the difference.

Comparison with Other Studies

The two-dimensional cross-sectional slice through the STS
resulted in a fairly complex configuration. In the literature,
there are numerous expressions for free and forced convective
heat transfer. Generally they apply to simple geometries such
as plates, cylinders, or banks of cylinders as in the case of heat
exchangers. In addition, these studies have been conducted for
comparatively small geometries and certainly not for compo-
nents of the size used in the STS. Since heat transfer is believed
to be dependent upon component size and since this informa-
tion was also lacking for large independent components when
these are arranged as in the STS, the need for the present study
was obvious. Despite these differences, it was desirable to
compare the current results with those in the previously re-
ported studies. Since the STS geometry is more complex than
a single cylinder, the best comparison was believed to be the
average value of the heat transfer coefficient. This comparison
was made for the west RSRM, since the northwest wind im-
pinges directly upon this motor. In addition, a comparison
was made based on the forward stagnation point heating on
the west RSRM. These comparisons are discussed in the fol—
lowing paragraphs.

The problem of a small, single, heated cylinder placed nor-
mally to a fluid stream has been investigated by Giedt!"!®
where he determined the heat transfer coefficients around the
 cylinder for a Reynolds number range of 7.08x10%<
Rep <2.19%x 10°, The size and geometry of the test hardware
used in this investigation were markedly different from that in
the present study where the geometry was composed of three
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large cylinders (ET and two RSRMs) and a triangular plate
(Orbiter wing) as shown in Fig. 3. The RSRM diameter is 36
times larger than the small 4-in. cylinder used in Giedt’s exper-
iment. This means that in order to achieve equivalent Rey-
nolds numbers in the flow around the RSRMs and Giedt’s
cylinder, the velocity used in the present study would have had
to have been decreased 36 times assuming constant viscosity.
This means that the condition of dynamic similarity would not
have been fully satisfied. Under conditions of low wind veloc-
ities and large cylinder diameters, the problem is not one of
pure forced convection but rather, a case where forced and
natural convection coexist and thus must be treated simulta-
neously.

Hilpert!”18 found that the average Nusselt number for gases -
flowing normal to single cylinders could be represented by an
empirical relation of the form .

Nup =hD/k;=CRe}} Pr'/3 )

where C and m are functions of the Reynolds numbers.

In a more recent, alternative correlation by Zhukauskas,!’
the average Nusselt number takes the form

Nup=hD/k;=CRef} Pr"! (Pro/Pr;)'* ®)

where the Prandtl and Reynolds numbers ranges are 0.7 < Pr
<500 and 1< Rep < 10° and where all properties are evaluated
at the freestream temperature, except Prg which is evaluated at
the cylinder surface temperature. Values of C and m are again '
functions of Rep and the exponent n1is a function of Pr such
that if Pr=<10, n1=0.37 and if Pr>10, n1=0.36.

Generally, the average Nusselt number for a gas flowing
normal to a single smooth cylinder can be represented by the

" following equation'®:

]-VED =ZD/kf= CRel’,"Pr’“ +-N_uD,Nc (9)

In this equation, the velocity used in computing the Reynolds
number is that of the gas stream approaching the cylinder. All
fluid properties are evaluated at the film temperature. The
coefficient C and exponents m and n1 are functions of the
Reynolds number Rep and of the Prandtl number Pr, respec-
tively. As the Reynolds number approaches zero, the Nusselt

. number reduces to the Nusselt number (Nup nc) for natural

convection,
Ahmad?® investigated the free and forced convection from a
horizontal cylinder in crossflow of air having a uniform heat

Table 1 Forced convection heat transfer coefficients for cylinders in crossflow

Equation C m nl  Nupne Ralgge of Nup b Reference
ep
D — _ P —— —_— — 5.17 x 1086 3874 4,29 Present
7 0.027 0.805 0.33 0 4.0%x104—-4.0x 105 6141 6.87 17,18
8 0.076 0.700 0.37 0 2.0x10°—1.0x 106 3367 3.76 17
9 0.021 0.814 0 0 - 5.0%x104-2,0x10° 6124 6.85 19
9 0.328 0.56 0 0 8.0x103—-1.0x 105 1886 2.11 19
9 0.270 0.60 0 "0 6.0x 103—-1.3x105 2880 3.22 19
9 0.157 0.64 0 0 S.0x103-42x105 3108  3.48 19
9 0.500 0.54 0 0 3.9%x 104 -1.1x 105 2110 2.36 19
9 0.143 0.67 0 0 2.0x 104 —-1.2% 105 4502 5.03 19
9 0.150 0.67 0 0 3.0X 104 - 1.2x 105 4722 5.28 19
9 0.380 0.56 0 0 40%x104-1.3x105 2184 2.74 19
9 0.063 0.72 0 0 1.3%105~3.0x 105 4296 4.80 19
9 0.360 0.58 0 0 5.7x104-1.2%x 105 2819 3.15 19
9 - 0.185 0.62 0 0 1.0x 103-2.0x 105 2689 3.01 19
9 0.510 0.50 0 0 7.0x 102 -5.0x 104 1160 1.30 19
9 0.023 0.80 0 0 >5.0x 104 5402 6.04 19
9 0.197 0.60 0 0 5.0x 103 ~5.0x 104 2102 2.35 19
9 0.330 0.60 0.33 0 —_— 3156 3.53 19
10 0.067 0.733 0 0 6.8 103 -2.1x 104 5586 6.24 20
11 e — —_—  — — —_— 11.55 21
—_— —_— —_— — —— 3.96 x 105 5890 6.95 22

‘Neglected compared to the Nusselt number of forced convection.

bBtu/h-ft*°F.
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h = 4.29 Btu/hr-ft2-°F, Present Study
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Fig. 7. Average forced convection heat transfer coefficient for cylinders in crossflow.

flux boundary condition at the surface. Tests were conducted
in-a low speed open-circuit wind tunnel. The average Nusselt
number in the forced convection regime (6,800<Rep=<
21,300) was correlated by the equation

Nup=hD/k;=0.0675 (Rep)*7% (10)

Results from applying the correlations given in Egs. (7-10)
to calculate the average heat transfer coefficient are shown in
Table 1. Included and shown as the first entrant in the table is
the heat transfer coefficient (4.29 Btu/h-ft>-°F) and the Nus-
selt number (3874) as calculated for the west RSRM in the
present study for the more realistic case where radiation to the
sky was considered. For this case, the average west RSRM
surface temperature was 24°F. The west RSRM was selected
because the northwest wind impinges directly upon this motor
and therefore it affords a more appropriate comparison with
the results predicted by the correlations.

The Reynolds number (5.17 % 105) shown for the present
study was calculated using the freestream velocity approach-
ing the STS (58 ft/s), the diameter of the RSRM (12.2 ft), and
a kinematic viscosity value for air based on a film tempera-
ture, which was the average of the computed surface tempera-
ture (24°F) and the ambient temperature (15°F) used in the
study. It should be noted that this Reynolds number, although
generally larger than the upper limit on the range of Reynolds
number applicability, was arbitrarily used in each of the corre-
lations so that a direct comparison of the predicted values
from Egs. (7-10) could be made with the PHOENICS °’81
result. Using this Reynolds number, the coefficient C and
exponents m, nl for each correlation were determined from
the appropriate reference, and the average Nusselt number
was calculated. Then, the average heat transfer coefficient was
calculated from the definition of the average Nusselt number.

References 21 and 22 describe experimental studies to deter-
mine the forced convection heat transfer coefficient. Refer-
ence 21 describes an experiment which was conducted to deter-
mine the forced convective heat transfer coefficient at the
surface of an uninsulated cylindrical tank filled with liquid
oxygen. The tank was 18 in. in diameter and 22 ft high with a

0.094 in. thick wall of 304 stainless steel. The average convec-
tive heat transfer coefficient was found to be

h=0.355 (X +1.6)/ D' [U,/(X —0.712)]°%5  (11)

where D, is the outside cylinder diameter (ft) with D, =1.5 ft
for values of D, >1.5 ft, U, is the wind velocity (knots), and
X is the ambient air temperature in °R/100. This correlation
suggested a possible application to the large STS cylindrical
components. However, when the values (T, = 15°F, U, =58
ft/s=34.33 knots) from the present study were used in this
expression, along with D, =1.5 ft, the average heat transfer
coefficient was calculated to be 11.55 Btu/h-ft2-°F, which is
much larger than all other values of Table 1. This is believed
to be due to the absence of insulation or a limitation on the use
of this correlation to situations where the wind speed is much
less than the 58 ft/s velocity used in this study, or both.

Reference 22 describes an experimental study conducted
during the SRM redesign, which provides a test data point.
The three RSRM case field joints are maintained at a specified
temperature with electrical heaters. To certify? the capability
of a 3.5 kW heater to heat and maintain the O-rings within a
joint at the required 75°F temperature for an ambient temper-
ature of 20°F and a 40 mph wind, tests were conducted on a
section of the full motor segment. The 12-ft-diam, 12-ft-high
section containing a joint and a heater was placed between two
walls to provide a 2-ft clearance on gither side of the section
and the adjacent wall. An enclosed airplane propeller placed
20 ft upstream of the section generated a 28 mph wind, which
resulted in an approximate 40 mph local wind condition in the
venturi between the section and the walls. The local heat
transfer coefficient at the forward stagnation point was calcu-
lated to be 5.1 Btu/h-ft>-°F from the measured data; this
increased with increasing distance from the stagnation point
due to the venturi effect. An average heat transfer coefficient
of 6.95 Btu/h-ft2-°F was found for the RSRM surface. This
value is larger than the predicted value of 4.29 Btu/h-ft?>-°F
but is thought to be acceptable in view of the difference
between the test conflguratlon and that considered in this
study.
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Figure 7 shows the 21 predicted values (n = 21) of the aver-
age heat transfer coefficient as given in Table 1. They vary
from 1.31 to 11.55 Btu/h-ft?-°F giving a mean value (h,,) of
4.52 Btu/h-ft?>-°F and a biased standard deviation (¢”) of 2.34
Btu/h-ft>-°F. In the present study, the calculated average cir-
cumferential value of the west RSRM surface heat transfer
coefficient was 4.29 Btu/h-ft2-°F which is 5.1% less than the
mean value. Based upon an application of the Student’s ¢
distribution,? the very large value of 11.55 Btu/h-ft2-°F can
be excluded with 99.5% confidence. When this is done, the re-
sulting mean value becomes 4.17 Btu/h-ft>-°F, and the biased
standard deviation is 1.74 Btu/h-ft>-°F. The calculated aver-
age value of the RSRM heat transfer coefficient is now 2.8%
larger than the mean value. The dispersion of values shown in
Fig. 7 can be attributed to a variety of factors!® associated with
the experiments or the theory. )

At this point, a tolerance analysis was conducted to deter-

"mine what the upper and lower limits of the average heat
transfer coefficient would have to be for this dispersed region
such that there is a 90% confidence that at least 99.73% of all
coefficients lie within these limits. The analysis was done
assuming a normal distribution of all of the coefficients within
the reduced population (n =20) and using the mean (h,, =4.17
Btu/h-ft>-°F) and biased standard deviation (¢’ =1.74 Btu/h-
ft2-°F) values already calculated. The upper (h,) and lower
(h;) limits were determined in terms of A,,, ¢’, and K where K
is a statistical variable dependent upon the population size.
The limits are defined as b, = A, + Ko’ and iy =h,,—Ko’. In
this case where K =3.922, h,=11.010 Btu/h-ft>-°F and
h; = —2.674 Btu/h-ft2-°F. Since a negative heat transfer coef-
ficient is physically meaningless, realistically 4, =0. Based on
this analysis, one can conclude that, even with an increased
population size as a result of additional experiments, one can
be 90% confident that the heat transfer coefficient will be less
than 11.010 Btu/h-ft>-°F. , '

The above experimental study?? yielded information on the
stagnation point heat transfer for a large cylinder. Van Driest!®
has recommended the following correlation for calculating the
Nusselt number for incompressible airflow at the forward
stagnation point on cylinders

Nup 4, =1.0427Rep 12 12)

where the fluid properties are evaluated at the mean film
temperature and the Reynolds number is based on the
freestream velocity. In this study, the forward stagnation
point on the west RSRM was in line with the assumed north-
west wind direction. For case 2, with thermal radiation to the
“sky, the calculated local Nusselt number for the west RSRM at
~ its forward stagnation point (6 = 150 deg) was 3800. Using the
" freestreamn Reynolds number of 5.17 x 105, Eq. (12) vields a
. value of 2371. This difference may be due to the fact that the
local Reynolds number for the cell at the forward stagnation
point in the present analysis was higher than the freestream
Reynolds number. Other possible reasons for the difference
may be the radiation to the sky, the use of stepped walls when
using Cartesian coordinates, and surface irregularities. It is
well known that roughening of the surface can considerably

enhance heat transfer, especially with forced convection.
Correlations relating to the stagnation point heat transfer
include that of Schlichting.”* His expression for the local
- Nusselt number at the forward stagnation point is similar to

_that of Van Driest!® and is

NuDJ,p = C1R8D1/2

13)

when Reynolds numbers are in the range 0.76 X 10°<Rep <
. 1L7x10° and where C, increases as Rep increases. Also
Squire? has solved the equations of motion and energy for a
cylinder at constant temperature in crossflow of air for that
portion of the cylinder to which a laminar boundary layer
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adheres. He has shown that at the forward stagnation point
and in its immediate neighborhood,

Nupﬁp = l.OOReD'/’ (14)

The wide dispersion in the published correlations relating to
heat transfer from smooth cylinders can be attributed, as
already stated, to various factors associated with the experi-
ments or the theory. Aside from these factors, their use in this
study was avoided since the correlations were generally devel-
oped for small, single cylinders and not for a grouping of large
cylinders as typified by the STS. Thus there was some question
concerning the appropriateness of the correlations. Table 1
shows the values of the average heat transfer coefficient deter-
mined from these correlations as well as those determined
from the experimental studies and the analyses. The value
(4.29 Btu/h-ft2-°F) obtained from the PHOENICS ’81 solu-
tion is believed to most realistically represent the heat transfer
coefficient at the surface of both RSRMs but particularly for
the west RSRM under the worst wintertime conditions. It is
consistent with the 3°F ET chilling effect determined in this
study.

Conclusions

The PHOENICS ’81 solution is believed to provide the most
accurate flow/thermal description of the STS launch pad envi-
ronment after the ET has been filled and under the severest of
winter conditions.

From the PHOENICS ’81 solution, the temperature depres-
sion or the chilling of the air in the pad environment was
calculated to be 3°F relative to the ambient. This compares
with a 1-2°F RSRM surface temperature depression as ob-
tained from the prelaunch temperature measurements on the
winter flight of STS-29. Since RSRM surface temperatures
would normally be slightly higher than the temperature of the
local air adjacent to a surface, the predicted temperature
depression appears to be substantiated. The difference be-
tween the predicted and the STS-29 derived values of the
temperature depression could possibly be attributed to other
factors. These include the more severe ambient temperature
(15°F) assumed in the present analysis than the actual average
ambient temperature (59°F) existing prior to and at the time of
the launch of STS-29.
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