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ABSTRACT

The object of this study was to determine the effec-
tiveness of a duct liner to reduce heat transfer effects
on air flow and to allow quicker temperature changes in
test conditions at the Aeropropulsion System Test Facil-
ity (ASTF). The heat transfer problem was analyzed in
two ways: 1) in terms of an equivalent resistance model
and 2) with a transient heat conduction computer pro-
gram. The resistance to heat transfer was shown to
be two times greater with a liner. However, the
improvement in thermal response time of the facility
flow was shown not to be significant enough to warrant
implementation of the liner in the actual facility. The
advantages and disadvantages of this solution were

investigated.
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CHAPTER 1

INTRODUCTION

Background

The Aeropropulsion System Test Facility (ASTF)
(Figure 1) was designed and built for the United States
Air Force, Arnold Engineering Development Center (AEDC),
to provide a significantly increased capability for
turbine engine altitude testing. 1Its design incorpo-
rates the best features of both of AEDC’s older engine
test facilities, called the "B" Plant and "A" Plant.
The B Plant was built to provide conditions for the
colder regions of turbine engine operating envelopes.
Its cold capabilities are duplicated in ASTF with expan-
sion turbines which can handle the full facility flow.
The A Plant was originally built without refrigeration
exclusively for providing hot test conditions. Its
design included two large heaters. A Plant's hot capa-
bilities are duplicated and expanded in ASTF with two
stages of heaters. ASTF contains the best of both older
test facilities and integrates them into a single, well
designed system.

These design features make ASTF an ideal facility
for air-breathing propulsion engine testing over a wide

range of conditions not attainable in the o01ld Engine
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CHAPTER I
INTRODUCTION

Background

The Aeropropulsion System Test Facility (ASTF)
(Figure 1) was designed and built for the United States
Air Force, Arnold Engineering Development Center (AEDC),
to provide a significantly increased capability for
turbine engine altitude testing. Its design incorpo-
rates the best features of both of AEDC’s older engine
test facilities, called the "B" Plant and "A" Plant.
The B Plant was built to provide conditions for the
colder regions of turbine engine operating envelopes.
Its cold capabilities are duplicated in ASTF with expan-
sion turbines which can handle the full facility flow.
The A Plant was originally built without refrigeration
exclusively for providing hot test conditions. Its
design included two large heaters. A Plant’s hot capa-
bilities are duplicated and expanded in ASTF with two
stages of heaters. ASTF contains the best of both older
test facilities and integrates them into a single, well
designed system.

These design features make ASTF an ideal facility
for air-breathing propulsion engine testing over a wide

range of conditions not attainable in the 014 Engine
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Test Facility at AEDC. Unfortunately during its first
operational shakedowns, a heat transfer problem became
apparent that affects the facility'’s capability for
providing desired test conditions. The purpose of this
thesis was to identify the causes of the heat transfer
problem and to evaluate potential solutions by a two
part system heat transfer analysis. A recommendation
will be made as to the best solution based on the analy-

sis.

The Problem

Cold conditions for turbojet engines (0 to -80
degrees Fahrenheit) provide a severe test of the engine
blow-out and re-light performance. Thus it is extremely
important that an altitude test facility be capable of
providing these conditions for turbine engine testing.
In the ASTF facility, it was found that setting the cold
conditions was difficult, specifically, some cold condi-
tions at the engine inlet took hours to reach. Tran-
sient temperature changes can be achieved but they have
been foundvto be limited to a narrow temperature band
centered on mixing header wall temperature * and are
much slower than originally envisioned. The mixing
header (Figure 2) is where the flows from the tempera-

ture conditioning sections of ASTF are "mixed" to obtain
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the proper test cell inlet temperature. Figure 3 shows
the effects of facility heat transfer on the temperature
performance envelope of the facility. For this figure,
the dﬁcting wall temperature is 100 degrees F. The
graph shows a case where leg 1, the super cold leg, is
running at -100 degrees F at 750 1lb/sec and leg 3, the
hot leg, is 650 degrees F at 750 1lb/sec. The figure
shows the outer envelope of the temperature tha£ the
facility should be supplying to the engine without heat
transfer effects. The inner envelope (¢ ) shows what a
modern gas turbine engine (F100) requires. The actual
facility capability is shown by the third curve (0).
Time to reach the various conditions was limited to 15
minutes which would be typical of an ideal facility.
Generally as mass flow increases, the spread of the
actual facility envelope increases and response times
decrease. Some cell inlet temperature changes required
times ranging from 30 minutes to hours. During this
time, the plant is operating, consuming large amounts of
electrical power along with a significant waste of
manpower which stands by waiting for the test condition
to be reached.

The problem of setting steady-state and transient
conditions is made worse for smaller modern engines
which require relatively small mass flows. Then, times

to reach cold temperatures (such as 420 degree R) can
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take hours rather than minutes. ASTF was designed for

very large engines up to 100,000 pounds thrust. Where,
because of its large mass flows, a TF39 (C5 Transport
Engine) could not be tested through its entire flight
envelope in the old Engine Test Facility, it can be
handled with ease in ASTF. The facility and its thermal
system was designed to handle large mass flow engines.
Initial testing showed heat transfer would not be a
problem during high facility flow rates but further
testing during facility activation with smaller F100
type engine air flow rates showed a significant heat
transfer problem. Current Air Force needs require
testing of advanced fighter engines and vectored thrust
engines, which currently ASTF will test in a direct
connect mode. For these engines, mass flow requirements
will be in the same weight flow class as the F100, and
will require cold temperatures at the test cell which
probably cannot be reached with the current facility
heat transfer problems and the original configuration of
the plant. Obviously, this problem seriously hampers

AEDC’s ability to use ASTF to its full capability.

Physical Description of ASTF
ASTF is designed to provide altitude test conditions
for the testing of an extremely wide range of turbine

engines. This requires plant equipment to provide



conditioned air at a given pressure and temperature for
the engine inlet and to pump engine exhaust gases at a
given preséure to simulate the altitude conditions
required. Since the heat transfer problem occurs in the
mixing header and inlet ducting (as will be discussed
later), a good description of this ducting geometry is
required for the problem definition. Six air compres-
sors in the air supply building can be arranged in
various configurations to provide air at 40 or 150 psi.
The air can then flow through a variety of coolers into
the four legs of ducting located in a yard area. The
legs are named for the temperature they are designed to
produce, leg 1 being the super cold, leg 2 the cold leg,
leg 3 the hot and leg 4 the super hot leg. The super
cold leg provides air from the expansion turbines at
-109 degrees F. The cold leg provides air from the RC1
cooler at a minimum of -24 degrees F. The hot leg
provides air reheated from the cooler (using heat of
compression from the airside compressors) or air from
the first stage heaters. The super hot leg provides air
from the high stage heater at 1200 degrees F. The air
that flows from the first three of these legs is mixed
in the mixing header to provide the inlet temperatures
required. The mixing process is controlled by the
automatic test control system computers which set the

temperature and pressure at the cell inlets. Since air



is provided to a mixing header at known temperatures,

temperature transients in the flow leaving the mixing
header should be easily achieved, resulting from a
simple task of adjusting mixing valves just like a water
faucet can be adjusted to obtain a water flow of desired

temperature with a hot and cold flow.

Mixing Header and Cell Inlet

The first three legs of the plant feed into the
mixing header while the super hot leg feeds directly to
the inlet of C1 (Figure 4). Leg one feeds the header
through a 13 foot diameter isolation valve (AV.TC.2).
Pressure and temperature for leg one is controlled at
the inlet guide vanes of the expansion turbines (TC1l-5).
Leg two and leg three feed through three valves each;
cvCla,b,c for leg two, and CVC3a,b,c for leg three.
These valves dump into the mixing header and are used to
set the pressure and temperature (along with the turbine
inlet guide vanes mentioned above) needed to simulate
flight conditions. Facility flow not used by the engine
or cell auxiliary air system is vented to the atmosphere
through the stacks before entering the mixing header.
Thus, the actual airflow to the test cells through the
mixing header is low compared to the total airflow
generated by the facility compounding the heat transfer

problem. The mixing header is 15 ft in diameter and
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is made of 7/8 inch thick carbon steel with a 1/8 inch

stainless steel liner bonded to its inside walls. The
air then flows to the test cells from the mixing header
through two flow straighteners and a set of air flow
metering venturis. The test cell inlet ducting is of
similar construction to the mixing header, and varies

from 20 to 30 feet in diameter.

11



CHAPTER 1II
THE EXISTING FLUID MECHANICS MODEL OF ASTF INLET FLOW

Description

An existing analytical model of ASTF 2 developed by
Moran was assembled from several component models that
had been developed to describe the performance of vari-
ous sections of the ASTF facility. Component models
were first developed in 1977, and have been steadily
improved since then.

The facility performance model treats the entire
facility and includes several engine models. This
allows complete simulation of ASTF testing for different
engine classes. For the purpose of the mixing header
thermal analysis, only the heat transfer component
written for the mixing header was to be considered.

The original intent was to modify this model to
allow analyses of changes to the ducting (such as lin-
ers). After detailed examination it was found that this
could not be done but the model could be used to narrow
the area of interest in the facility. A detailed expla-
nation of why this model was not appropriate follows.

Since there are large masses of metal in the system
any transient heat transfer analysis of the facility

must include the heat stored in the metal. Figure 5

12
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shows the transient temperature responses of the facil-
ity that might be expected. The first time regime is a
zone where the flow of the air at the new temperature is
mixing with air remaining in the system at the old
temperature. Heat is also being lost to the metal and
surrounding environment. The second’s temperature
response is driven by the ducting metal temperature. As
the wall approaches the temperature of the flow the
slope of the line becomes smaller and smaller. In the
third time regime, the wall temperature has reached a
steady state and the temperature loss comes from the
thermal resistance of the system to losses to the
ambient conditions outside the ducting.

The original model has gone through two basic
stages, hereafter referred to as the baseline and the
"validated" (more appropriately, the calibrated model)
forms. The baseline thermal model used equations for
heat transfer coefficient on the inside of the ducting
valid for circular ducts with 1D flow in them. A lum-
ped-system, Newtonian heating (or cooling) analysis was
used to predict the "heat storage" in the metal of the
duct. This approach assumes that duct wall metal tem-
perature would be the same throughout the wall. The
"validated" form of the thermal model took the initial
equations developed for the baseline model and adjusted

them so that predicted thermal events matched test data

14



gathered from four ASTF tests. The adjustment required

was rather extreme in some cases, indicating that the

simplifying assumptions left out some important factors

(Figure 6).
The "validated" equation’s adjustment matched the

model’'s output to within 15% of test data. Unfortu-

nately the "validated" model does not allow changes in

ducting geometry (liners, increased insulation, etc.)

since the equations were corrected for the existing

thermal system. The "validated" model can, however be

used to show that the significant part of the heat
transfer problem is in the mixing header region. The
simplifying assumptions of the "validated" model were
examined in detail and checked for validity so that a
new model could be written which was physically more
accurate allowing for the effects of geometry changes
the facility heat transfer.

To apply the model for heat transfer calculations

the ducting was split into different sections from the

on

control valves to the engine inlet. Figure 7 shows the

final locations of the sections used in the model.

Inconsistency in Model Formulation
Ducting and header metal masses and heat transfer
coefficient were the basic parameters adjusted in the

baseline model to make predicted heat transfer match

15
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actual values. Heat transfer coefficients were adjusted
using a correlation method based on Reynolds Number 3.
Over a moderate range of Re most convection phenomena
obey a simple power relationship of the kind y=x. The

baseline equation for heat transfer coefficient <;

h = Ks(.0384) (Red) 37+ (PR) (1)
D(1 + 1.5(PR)-*/5(Red)~*72(PR - 1))

had two items adjusted using this method. The
exponent of Red (i.e. 3/4) and the equation’s coeffi-
cient (.0384).

Four actual values for h inside the ducting were
estimated from test data and were plotted on log-1log
paper. Red was plotted on the x axis and the coefficient
in the equation for h on the y axis. The exponent n was
found from the slope of the plotted curve and the coef-
ficient was taken at the y axis intercept. The coeffi-
cient in the equation for h varied significantly from
the baseline model values in some sections (Figure 8) of
the ducting (primarily the mixing header). The exponent
n also exhibited differences from the baseline model
value but not greater than 16 percent.

It is not surprising that the pipe flow equations
for calculating h on the inside of the ducting used
successfully in some parts of the ducting did not work
well in the mixing header. The sections (13, 14, 25)

where the equation did apply reasonably close to the

18



Equation for Heat Transfer Coef. on Inside of Ducting

h = K (A) (Red)®(PR)
D(1 + 1.5(PR)-*“%(Red)*78(PR - 1))

DUCT SECTION A B

15 2.7367 .6333
20 .1612 .760
30 1.159 .641
13 .0384 .75
14 .0384 .75
25 .0384 .75

16 .0384 .75

FLOW STRAIGHTENER AFTER SECTION 30

Figure 8. Validated Equations

19




baseline formulation are smooth straight ducting, with
flow straighteners. In these sections, the flow is
assumed to be fully developed turbulent pipe flow which
allows the use of the pipe flow equations. The mixing
header, however, is supplied by several pipes emptying
flow perpendicularly into the header. This results in a
sudden-expansion type flow at the wall where the pipe
penetrates the header and impingement flow on the oppo-
site wall. Sudden-expansions can cause recirculation
which results in a significantly higher heat transfer
rate than that for a straight pipe. The coefficient h
is also very high for impingement flow, compared to
developed pipe flow. The flow must be very turbulent in
the header because of the stirring action of the input
flows. The h;,, necessary to predict thermal response of
the header was 13 times greater in magnitude than that
of the initial values in the baseline equations (pipe
flow) for the fifteen foot mixing header. Although this
seems very high, the Reynolds number for a 50 1lb/sec
flow through a 15 ft diameter duct is 3.1x10°. The Re
necessary to get a 13 times increase in h is 9.9x10°
which could be a reasonable value for highly turbulent
flow S.

The mixing header was found to heat and cool in its
entirety, even for cases where, when running one of the

test cells, half of the mixing header should have no
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direct flow. Figure 9 shows locations of thermocouples
on the surface of the ducting with Figure 10 showing the
temperatures of the mixing header at these locations.
There is some difference in the temperatures, but at
most about 9 degrees. It is clear that the whole header
is heating as one piece because of the well-stirred flow
within it.

Metal mass was used to adjust the baseline results
to match test data. This resulted in some model masses
being considerably greater than the actual weights of
the ducting sections. The equation in which mass was
adjusted to match actual data;

dTm/dt =((m)(Ca)/(Mn) (Cm)) (T2 - T2) (2)
was derived from two equations;

g=(m) (Ca) (Tx: - Txz) (3)
which shows heat transfer from the gas and,

g=(My) (Cm)dTw/A4t (4)
showing heat transfer into the wall metal. These form a
energy balance at the inner wall of the duct. Since
ducting siée is large the velocities are small allowing
total temperatures to be taken as static temperatures
for the analysis. This approach does not take into
account heat transfer out of the duct due to convection
on the outer surface. Taking this into account gives a
better equation for the system;

(M) (Cr)
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Metal weights had to be increased significantly to
aécount for the houe (A) (Tea—Tams) term. The largest
discrepancy arose in the mixing header (section 15)
where ducting mass was changed from the actual metal
weight of 313148 1bs to a fictitious weight of 800500
1bs so predicted and actual performance would match.

In summary of the past work, the baseline equations
for h;,, worked well in ducting sections downstream of
the flow straighteners in the cell inlet ducting. The
baseline model performed worst in predicting transient
heat loss in the mixing header where flows are expected
to be the most turbulent with impingement flows. The
equations for heat transfer coefficient were correlated
using a recognized method and will be used later in the
analyses. The change of metal mass in the "validated"
model was required to account for the lack of terms for
heat transfer losses (convection) outside the system.
After adjustment, the "validated" model comes within 15%
of the test data but does not lend itself to geometry or
hardware changes such as the incorporation of interior
liners since k, the wall’s thermal resistance, has no
part in the analysis.

The "validated" model was used to identify the
section of the facility ducting that is the least well
understood in flow and heat transfer, and narrow the

region of interest by showing that the mixing header has

24



the greatest temperature loss. Figure 11 shows this by
cémparing temperature loss at several sections going
toward the inlet of the engine. Figure 11 shows that
most of the temperature loss occurs in the mixing header
where the baseline equations had to be adjusted signifi-
cantly. Based on these results, the rest of the new
analysis tfeats only the heat transfer in the mixing

header.

25



SUOT3IDAS
puriong ur sasso] aanjeiadud] BUTMOUS 3IOTd 1T 2iInbtdg

(35) ML
boot L Do
[T N9 s
195
el
0 NOLLOES LTM foss
02 NOLLORS 1T
o0
1 NOLLORS (TN l\ pll

26



CHAPTER III

APPROACH TO PROBLEM

Suggested Solution

Several possible engineering solutions exist to the
heat transfer problem in the mixing header. The concept
chosen to examine in detail in this thesis involves the
use of a 1/4 inch thick metal liner in the mixing header
area (Figure 12) with a 4 inch air gap. The liner would
reduce the mass of metal in direct contact with the
process air in the ducting, which should decrease the
metal temperature response time and the thermal tran-
sient time of the process air. 1In addition the air gap
between the liner and the ducting wall is an effective
insulator which should also isolate the process air from
the large mass of the original ducting wall. These two
advantages for the liner will be analyzed in more
detail. The completed model also allowed an easy CoOm-
parison of the ducting liner and a competing concept of

using a test cell bypass.

Approach
This problem is approached in two steps. The first
step is to analyze the thermal heat loss problem with a

simple, one-dimensional equivalent resistances model.
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This model was used to simplify the analysis of heat
iéss and to test assumptions about the relative impor-
tance of the various parts of the problem. The simpli-
fying assumptions were then included in a computer
program for transient heat transfer based on a finite
difference approach, to calculate the wall temperature
and the heat transfer through the wall with time. From
the results of calculations made with this computer
program, conclusions were drawn about the effecﬁiveness
of the liner to minimize thermal transient effects and

heat loss (or gain) from the facility airflow.

Data and Plant Configuration
Test data (temperature) was available from two ASTF

test runs allowing the computer program to be tested.
The first ASTF test run was an attempt to go from 515
degrees R to 780 degrees R as quickly as possible at the
cell inlet by setting 515 degree flow in leg 2 and 780
degree flow in leg 3. At t=0 the hot leg was opened and
the cold leg closed. Mass flow for this test through an
engine simulator was 310 1lb/sec. The second case was a
similar transient test where cell inlet temperature were
yaried from 507 degrees R to 568 degrees with mass flow

rate of 310 1lb/sec.
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Free Convection on Outside of Duct
_ Free convection on the outside of the duct could be
a very important part of the analysis since it was not
included in the baseline model of the ducting heat
transfer process. A value of hou. was needed for the
transient heat transfer computer program. This was
calculated using the equation;
houe = .537(Red-2%)k,/D (6)
for free convection heat transfer from circular
ducting €. This allowed houe tO be calculated for a
range of possible surface temperatures. It was found to
be .25 to .4 Btu/hr ft2 R. This value for houe 1is about

the same as a calculated value of h found using an

equivalent resistance approach.

Forced Convection on Inside of Duct
Since h;,, was experimentally determined for the

existing configuration, the equation (Figure 6) for hin
used in the "validated" model was used for calculations
involving the liner. This assumption can be made by
showing that hins = (D>/Di)hin, holds true for items
with similar geometries 7. Since the liner and ducting
diameters are known the hi, for the liner can be

calculated.
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Equivalent Resistances

_ The use of a liner in the duct was intended to
reduce the mass of the metal in contact with the air in
mixing header. The liner and its air gap also provide a
measure of extra insulation between the process air and
ambient. The equation for the equivalent resistances
takes the form;

g = AT / ZR. (7)

The resistances (R) were calculated using 1/hA for
convective heat transfer and x/kA for conduction heat
transfer along with a modified equation ® for the air
gap that takes into account free convection in the air
gap. The air gaps conduction considering free convec-
tion in the gap was five times larger than that for
still air. Since the diameter of the ducting is large,
and the thickness of the material small, equations for
flat plates were used for convection and conduction heat
transfer coefficients. The air gap becomes the primary
resistance to heat flow through the ducting wall and is
twice the outside convection on the outer insulation
(the next highest). The original configuration had a
resistance of 4.2 x 10—+ hrR/Btu where with the liner
and air gap the resistance becomes 8.7 X 10~< hrR/Btu
(Figure 13). This is twice the total original thermal
resistance for the ducting wall. Data from a test run

was used in the thermal resistance equation to calculate
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what howe wWas during a test run. Values were read from
the data up to the outside of the duct where hgue Was
calculated for comparison with what had been previously
calculated using the free convection equation. The
convective heat transfer coefficient, houe was .54
Btu/hr ft2 R where a value of .4 had been predicted
using the empirical equation from Wolf. The difference
could easily be made up by partially forced convection
on the outside of the duct from wind. This value of
howe (.54 Btu/hr ft2 R) was used for the transient

program.

Program for Predicting Transient
Heat Transfer

A new computer program was written to look at the
mixing header in more detail since a way to take into
account important factors not included in the "vali-
dated" program was required. The ducting thermal resis-
tance and the heat transfer through the ducting are
important factors which must be included to allow ana-
lyses of the liner. The "validated" program used a
lumped approach corrected to test data. Heat transfer
equations considered the header as a perfectly insulated
dﬁct with no losses to the ambient environment. A
finite difference method which implicitly accounts for:

1. ambient heat losses, 2. transient energy transfer,
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and 3. ducting/insulation thermal resistance, was used
such that more detailed analysis of the complete header

system could be performed (Figure 14).

Equations Derived

A simple computer program was written to look at the
transient heat transfer of the mixing header. It uses
finite differences to approximate differentials and
Gaussian elimination for solving the system of equations
formed ®. The program is based on the following time-
dependent temperature equation derived from the conser-
vation of energy principle;

PC(8T/6t) = Ko6=2T/6x>. (8)
The following finite difference approximations can be
used to eliminate the differentials in equation 8;

(6T/6t)=(Ts, 5.2 — Ti,3)/AL (9)

(62T/6%2)=(T141,35+1 — 2Ts 542 + Ti_1 . 3+2)/4%> (10)

(62T/6X2)=(Ts41.5 — 2Ts .35 + Ti_1.,5)/AX=. (11)
The equation;

§2T/6%2 = 62T/6X2] 3.1 + (1-N)82T/8x2}, (12)
provides a time weighted average of 32T/éx2 to adjust
accuracy and stability. By setting A=1 the equations
take on a form that is stable for all values of Fourier
number and At but At must be kept small to insure
accuracy. By setting A=0, Fourier number and At must

be restricted to allow for stability but the equations
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have a low error because of the required small At. By
spbstituting 9 and 12 into 8 a finite difference equa-
tion for temperature at a node is derived;

PC(Ts ,3+1-Tsi ,3/8t) = KNMTi41,35+1-2Ts5, 342t (13)

Ti—1.3+2)/8%X%2 + (1-N)((T141,5-2Ts,5+Ts_1,5)/AX=.
Fourier number can be written as Fo =(kAt)/pC(Ax)2 (rate
of conduction of heat/ rate of storage of heat) the
equation can be rewritten as;

~FOAT3s_1,5+2+(142FON)Ts _ 542-FOATs 41, 5427 (14)

FO(1-N)Ti—1,3+{(1-2F0(1-A)Ts, 5+FO0(1-A)Ti141,35.

By setting A=.5 the solution is always stable and has
good error properties (if At is small) and if Fo is
taken as 1, then the equation is reduced to;

“Ts_3,35+2+4T3 ,5+2 " Tava,5+2%Ts—3,3+Ts4a .5, (15)
This equation is used for all nodes in the body of the
object in question. This approach is known as the Crank-
Nicolson method.

The end points must be considered separately to allow
for the convective heat transfer boundary conditions on
the surfaces of the ducting. We will derive the equa-
tion for the outer surface of the duct. We know that on
the surface by equating heat fluxes that;

k(6T/6xX) = h(Ts - Tamn) (16)
or using finite difference substitutions;

Tivea.3+12—Ti—1,3+1/28%=—(h/kK)(Ts , 341 "Tarms) (17)

Ti+l'j_Ti_1,j/2AX=_(h/k)(Ti.j_Tm) (18)
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rearranging these to the form;

Tivar,3+2=—(2aXh/X) (Ts 342 Tarms)+Ti_1, 342 (19)
Tisar.3=—(28xXh/K)(Ts , 3 Tame)+T1-1 .5 (20)
allows substitution into equation 15 above and gives the

equation for the outer surface of the duct;

2Th—1,35+1-(4+2(houe/K)AX)Tn ., 5+2="2Tn-1 . 5 (21)

+2(Noue/kK)AX(Th, 5-2Tams) .

The equation for the other surface of the duct can be
derived in a similar manor and takes the form;

—(4+2(N3n/KIAX)Ty , 54242T2, 542=-2T2 5 (22)

+2(hin/kK)AX(T;: , 53— 2TaAms) .

Equations 15, 21, and 22 make up the equations neces-
sary for the computer program to form a tridiagonal
matrix. This system of equations is then solved by
Gaussian elimination which gives a temperature profile
across the system at a designated time. From these
temperatures heat flux into or out of the system can be
calculated. On the inter surface of the duct;

d = hinA(Ty — Tave) (23)
where Tave 1S;

Tave = (T2 + T1)/2. (24)
Then for the air flowing through the duct;

g = mCa(T> - Ty) (25)
Equating 23 and 25 and substituting 24 into the result
yields;

To=(Tm + T,((mc/hA) - .5)/((mc/hA) + .5) (26)
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which gives T. the discharge temperature of the duct

at that time. This discharge temperature is averaged
with the ducting inlet temperature which sets the aver-
age temperature of the air in the duct for the next
iteration of the computer program. The program with

sample input/output is shown in the Appendix.

Results
The computer program was used for a comparison
between the liner and the current configuration of the
duct. With this in mind the following simplifying
assumptions were made:

1. Heat transfer coefficients hi, and hou. were
held constant.

2. The mixing header was treated as a 15 ft diame-
ter pipe with flow throughout it'’s length.

3. For the case with a liner the air gap has by
far the highest resistance so the metal mass was taken
as the mass of the liner. The original ducting was
considered to be isolated from the air flow by the
liner's air gap.

4. The k for the system was taken as the equiva-
lent resistance of the system. This assumption give a
correct temperature value for the surface temperatures
but incorrect temperatures through the wall. Since only

surface temperatures are needed for the analysis, this
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is a satisfactory solution.

- 5. The heat capacity of the insulation was found to
be only 8% of that of the steel, therefore the insula-
tion was not considered in the analysis for heat sto-
rage.

Results generated by the program were compared to
two cases where test data was available. Case 1 (Fig-
ures 15 and 16) is for a transient attempting to go to
780 degrees R. The program trends somewhat low for this
case. Figure 15 shows mixing header discharge tempera-
ture where Figure 16 shows mixing header metal tempera-
tures. Case 2 (Figures 17 and 18) shows the same except
the end temperature was 568 degrees R. The computer
programs output is in good agreement with this data.

To compare the lined and unlined mixing header the
program was changed by changing k to the equivalent
resistance with the liner and changing the metal mass to
the mass of the liner. Figure 19 shows the results of
the change for Case 1 above. The additional insulation
makes an improvement and at t=550 seconds past the tran-
sient the temperature is 35 degrees R better than with-
out the liner. The slope of the line changed only
slightly and should not affect the time required to
reach a desired temperature quickly. The same comments
can be made about Figure 20 which is a case with a 400

degree R inlet temperature. The added insulation helps
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.

and after 1000 seconds the insulated case is 20 degrees

R colder.

Test Cell Bypass

The program could be easily modified to check the
relative value of the mixing header liner vs. a test
cell bypass. Since the bypass was a competing concept
this was done and showed some interesting results.
Figure 20 shows a case with a 360 degree R inlet temper-
ature and the current ducting configuration (no liner).
Currently the ASTF expansion turbines will not reach
their rated cold temperature during a small engine test
because they are rated at 300 1lb/sec where actual flows
are in the 50 1lb/sec range. If flows could be increased
through the turbines, mixing header inlet temperatures
in this range (360 degree R) could be reached. Adding a
test cell bypass, would increase flow through the mixing
header and the expansion turbines, allowing the colder
inlet temperatures, thus temperature response with a
bypass is quicker than using the proposed liner. The
test cell bypass proposal has been installed in ASTF and
seems to work as expected although checkout time has

been limited so far.
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CHAPTER 1V

SUMMARY AND CONCLUSIONS

In summary of the work in this thesis several inter-
esting facts were brought out. The heat transfer coef-
ficient in the mixing header was 13 times that found for
a similar straight pipe and most of the temperature
loss/gain occurred in the mixing header. A equivalent
resistance model of the ducting showed that the liner
increased the system resistance to heat transfer by a
factor of two with the largest resistance being the
liner’s air gap. The air gaps resistance was twice that
of the next two highest which were the insulation and
the free convection on the outside of the ducting. A
finite difference approach was used to calculate the
temperature response of the system with and without the
liner installed. It was found that the liner works as
expected and speeds response times. It was also shown
by a limited analysis that the test cell bypass already
installed can be more effective than the liner would be.

The mixing header liner appears to be an appropriate
solution to the problem of heat transfer in the mixing
héader but should not be further considered. The gains
in temperature and response times could not justify the

cost considering that the test cell bypass is more
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effective and has been installed. Although the liner
does work the magnitude of the improvement is not as

. great as that of the bypass for a roughly similar cost.
There are also at least two problems that could make the
liner less effective than expected. The liner would be
connected to the header shell with ribs for structural
support which might make the air see more metal weight
and eliminate the advantage of using a thin liner. The
liner also covers most areas in the mixing header but
not all. This could also increase the apparent metal
weight.

Liners have never been great successes in other
areas of the Engine Test Facility. Problems have been
experienced with aerodynamic forces causing cracking in
liners which eventually result in mechanical failures.
Based on previous experience in ETF and the above analy-
sis in this thesis, the bypass was selected for imple-
mentation and has been installed.

The problem estimating heat transfer in ASTF shows
the need to develop more accurate methods for determina-
tion of facility performance. Programs that require
major changes to make their results match test data are
not much help when designing new test facilities. Luck-
ily the ASTF problem can be corrected because the facil-
ity's capabilities extend well beyond what is required.

If it had not been for these additional capabilities the
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facility might have been seriously hampered and would
not have been able to live up to the expectations it was
designed for. It would seem very unwise to design a
facility that depends on temperature as one of it'’s
major design criteria without a model which can identify
major problem areas such as the mixing header in ASTF.
The work done in this thesis illustrates clearly the
importance that modeling plays (or should play) in the

design of new test facilities.
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D Line#%

OO~ N~

21

20

22

23

Page 1
09-14-87
17:42:12

Microsoft FORTRAN77 V3.20 02/84

MAIN

THIS PROGRAM SOLVES HEAT TRANSFER IN A PIPE
DIMENSION T(50,4), TINIT(S50)

OPEN (2,FILE='INITIAL’,STATUS='0OLD")

READ(2,100) SPHT,DENS,COND,HCOEI ,HCOEO,TAMB,T1 ,EL,FO,AREA,NOINT

COND=COND/3600

HCOEI=HCOEI/ 3600
HCOEO=HCOEOQ/3600

READ INITIAL VALUES OF TEMPERATURES IN MATERIAL
N = NOINT+1

READ(2,101) (TINIT(I),I=1,N}
COMPUTE INITIAL VALUES OF DELTA X, AND DELTA TIME
TIME=0.

TIMEP=100.

TAVG=T1

XINT=NOINT

DELX=EL/XINT

WRITE (% ,#) 'DELX=',DELX
DTIME=FO#*DENS*SPHT*DELX#%2/COND
WRITE(%,*) 'DTIME="' ,DTIME
WRITE(*,199)

WRITE (#,200)TIME, (TINIT(I),I=1,N)
GET COEFFICIENTS OF SYSTEM
COEFI=HCOEI/COND
COEF0O=HCOEO/COND

T(1,1)=0.
T(1,2)=-4.-2.%COEFI«DELX
T(1,3)=2.

T(N,1)=2.
T(N,2)=-4,-2.#COEFO*DELX
T(N,3)=0.

DO 20 I=2,NOINT

T(I,1)=1.

T(1,2)=-4.

T(I,3)=1.

T(1,4)=-2.#TINIT(2)+2.%COEFI*DELK*TINIT(1)-4.%COEFI*DELX#TAVG
T(N,4)=-2.%TINIT(N-1)+2.%COEFO*DELX*TINIT (N)-4.*COEFO*DELX*TAMB

DO 30 I=2,NOINT

T(I,4)=-TINIT(I-1)-TINIT(I+1l)

COMPUTES VALUES. PRINT OUT ABOUT EVERY 250 SECONDS
TIME=TIME+DTIME

CALL TRDG(T,N)

PUT NEW VALUES INTO TINIT AND SEE IF TIME TO PRINT OUT

DO 40 I=1,N

TINIT(I)=T(1,4)

CALCULATE EXIT TEMP FOR HEADER
BB=(310#.24)/ (HCOEI*AREA)
T2=(T(1,4)+(BB-.5)*T1)/(BB+.5)
TAVG=(T1+T2)/2
IF(TIME-TIMEP)21,22,22
WRITE (%, %)’ 'T2=" T2

WRITE(%,#) 'T1="' Tl

WRITE (% ,%) 'TAVG=',TAVG
WRITE(%,200)TIME, (T(1,4),I=1,N)
TIMEP=TIMEP+250

IF(TIME -1500.)21,23,23
CONTINUE

STOP
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D Line® |

—

—

100
101
199
200

30

20

40

FORMAT(10F7.2,15)

FORMAT (8F10.2)

Microsoft FORTRAN77 V3.

FORMAT (10X, 'SOLUTION TO HEAT FLOW PROBLEM')
FORMAT (5X ,F6.1, 'SECONDS'/ (1X,10F8.2))

END

SUBROUTINE TRDG(X,N)

THIS SUBROUTINE SOLVES A TRIDIAGONAL SYS OF EQ BY DIRECT
GAUSS ELIMINATION
DIMENSION X(50,4) ,A(50) ,B(50),C(50),D(50)

DO 30 I=1,N
B(I)=X(I,1)
D(I)=X(I,2)
A(I)=X(1,3)
C(I)=X(I,4)
DO 10 I=2,N
R=B(I}/D(I-1)

D(I)=D(I)-R*A(I-1)
C(I)=C(I)-R¥C(I-1)
BACK SUBSTITUTION.

C(N)=C(N)/D(N)
DO 20 I=2,N
J=N-I+1 '

C(J)=(C(J)-A(J)*C(J+1))/D(J)

DO 40 I=1,N
X(I,4)=C(I)
RETURN

END
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