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 what we saw in Lecture 24
* heat transfer
- types of combustion chamber cooling: regenerative, ablative, radiation, film
- heat transfer modes: conductive, convective, radiative

* Lecture 25: midterm exam

* today
* heat transfer calculations and correlations
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Heat transfer

Heat transfer in the combustion chamber and nozzle

convection,
conduction

convection,
radiation

q- — Tog - Tcl
conv 1 Al 1
S S
ho k h

8

convective heat flux

e we can also account for radiative heat flux ¢,
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Heat transfer in the combustion chamber and nozzle

A accounting for radiative heat flux
) q = qconv + qrad
og - : . ¢
O SR B G=h (T =Ty)* Gy F
L I ---- S, from before, adiabatic wall temperature: 7, =rT, +T (1—r)
- _ T =T adiabatic wall temperature matching
s - forr=1, aw %¢  hot gas stagnation temperature
Al
T —_ _ qconv _qrad
wh ~ Tog h
b tt t . f . - Tog _T'cl - g
substituting expression for ¢, =— N1
S R
h, k h
T — T _ Tog _7-;1 + Qrad
L wh 0g hN K I i.e. real wall temperature
1+ 8 + 8 g
kK h
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Heat transfer in the combustion chamber and nozzle

A
¢ 49 4
» ‘m
T,=T, - Lo =1 + rad Lo
W o8 h Al h h
1+-¢ £ 8 T,.
k hz T,
\ ' J Qrad'- waII
maximize to get cooler wall Al
. >SS 4 T T Tog _]-;l
=T, =T -
often qconv q/fd wh 0g h Al h
1+ 8 8
k hz
L/—\/'—\/
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Heat transfer

Reducing hot wall temperature
* lower coolant temperature T,

- in combustion chamber, Tog >>T,
- e.g., 3000 K vs 100 — 250 K}, so relatively small effect

* use high conductivity wall material (increase k)

* use thin walls (reduce A})
- structural limits

* |ower ratio hg/hL
- reduce heat transfer rate to hot wall,
increase rate from cold wall
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Heat transfer example

150°C
A steel w / Consider a given rocket thrust chamber
T, 3300°C : - outside wall temperature (nozzle throat) = 150°C
- chamber temperature = 3300°C
g — 7 2
coolant T, 9iroa: = 1-4x 107 W/m
. - throat wall material stainless steel, thickness 0.25 cm
- wall conductivity k =26 W/m.°C
(i) find hot wall temperature at the throat ac ross
- assumption: areas equivalent for coolant and hot gases e “'qc: = __k(T -T.,)
Al wc w
- g= h (T -T,)
—k _ ghl 1.4x10" x0.25%107
: s - N — =T,=T, +—=150+
recall, matching fluxes - ¢ Al T, -T,)x 3 ( 6
=h(T,. —T,) =1496°C 7
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Heat transfer

Heat transfer example_ "% <
1100°C  , ohec New scenario:
1 ceramic l - to lower temperature, wall is lined with ceramic
3300°C N : - o
/ e ceramic conductivity k = 8.65 W/m.°C
ol T, N

woes |\
2

lower
(ii) find thickness of ceramic needed

Y

* required heat transfer rate through wall:

* hotgasflux ¢g=h,(T,-T,,)

A .
(need this to determine gas
heat transfer coefficient)
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target hot metal wall temperature = 1100°C

Syl 2 (150-1100)
Al 0.25%10 =

4
=9.88x10°W/m* |

pravivs  pocie ‘(,

: ~
X 7
=1 = 190 9960 s3wim?.ec)
T, -T, 3300-1496
N
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Heat transfer

Heat transfer example

1100°C oo

ceramic X

-

Y

e determine ceramic .
thickness using q ——'—(Twc - wh)

@\J
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(ii) find thickness of ceramic needed

* now find temperature on hot side of ceramic

q=hT1,-T1, =T,=T,6 ——

T, =2026.89°C

:>Al:_—_k(TWC—Twh)
q

—8.65

= 5 REx10° ~(1100-2026.89) =0.08cm
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Convective heat transfer coefficients y hy, Wy

* heat transfer problems require information on the convective heat transfer coefficients

previous example: inferred the heat transfer coefficient using calculated flux

e convective heat transfer

- due to fluid moving over surface

- thermal boundary layer develops, analogous to momentum boundary layer

U, —
l/é]_; y1 frie streant1 fluid -
emperature

thermal boundary | L p ________ u ......... 7
layer thickness = i '[ |
where T reaches “°"$"p

99% of T; T(x, y) l/l\ - @ ar plate Uz O
"4

surface temperature TS X 0
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Convective heat transfer coefficients

* the heat transfer coefficient is a function of Re and Pr

h= f(Re,Pr)  Reynolds, Prandtl numbers

M = dynamic viscosity

L L
Re, = P _ P Pr = =— vV = molecular diffusivity
Y7 V k

a = thermal diffusivity
e significance of Pr
= thickness of momentum boundary layer to thermal boundary layer

= ability of fluids to transport momentum + heat via molecular collisions in boundary layers

Pr~1 Pr<1 Pr>1
f , . .
mor;a:r?tuor; rl];aZZ tg;isctla(;’ess case for high conductivity |0W conductivity
Y fluids, e.g. liquid metals fluids, e.g. water

~ thermal layer
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Convective heat transfer coefficients

» for high speed compressible flows: gas kinetic energy important

2 —
Fc=— " Eckert number = flow speed

o (T, —T,) T, = wall temperature

T, = free stream temperature
e significance of Ec

= ratio of kinetic to thermal energy of flow

- relevant for hypersonics

WL
N

Nusselt number: ratio of convective to conductive heat transferrates Nu =

- convective flows dominant in most cases Nu >>1

- if Nu known, will know h

= many heat transfer correlations describe Nu in terms of Re and Pr

f— —_—
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Convective heat transfer coefficients

« Stanton number: same purpose as Nu

h Nu

— canh be considered a dimensionless h value
puc,~ ReXPr
p

St =

Correlations for LREs
* semi-empirical correlations are available for LRE-type geometries and conditions

e.g. hot gas side e.g. coolant side flat plate, laminar
Bartz correlation (1965), 0.81y..n (subsonic) flow
| Nup, ORe™Pr /
0.81..0.4 = _ 12 p..1/3
Nu,, LJRe™Pr correlations used for Nu =0.332Re "~ Pr
_ fully-developed turbulent

chamber assembly at

given axial location n=0.33-0.37 heal

Dy, = hydraulic channel diameter, generally 4A/P

D, =2HW/(H + W) for rectangular channel
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Correlations for LREs

 most common in rocket cooling calculations: Seider-Tate correlation

Fluid a m n
b constants vary Methane 0.0023 0.8 0.4
Nu =gRe™ Prn(ﬁj between liquids Propane 0.005 0.95 0.4
M, I, = viscosity at wall Kerosene 0.023 0.8 0.4
Liquid hydrogen  0.062 0.8 0.3

* modified form used in rocket cooling jacket calculations: Dittus-Boelter correlation

0.3
T
Nu =0.023Re"® Pr** (ﬁj reflects high temperature differences between hot wall and fluid

cl

* above forms do not account for wall curvature (nozzle shape); to do so, use Ambrok's equation:

h B R0.25 (Too _Tw)ﬂo.z h P _ ﬂoocpoo
St=——=—=0.0287Pr = where Pr

PoltsC : .
’ [R>(T, ~T,) pudx

0 14
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Convective heat transfer coefficients

* coolant side: typically fully-developed flow

Re Pr
/_}% /_H
C =0.018, n =0.37

k D 0.8 /1 c n

u c™ p,cl

h,(x)=C l;l (pcif’ j [ ]g—p" j C =0.023, n=0.33
cl

cle

e evaluate fluid properties (k, 4, cp) at bulk and average liquid temperature at axial location x

for highh, = high Reynolds number, high k_and ¢
_/
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Convective heat transfer coefficients

* hot side: not typically fully-developed flow: area changing, flow acceleration
- changes boundary layer thickness

- from Bartz, Adv. Heat Trans. (1965): Bartz equation

0. 0.1
C 8 D - 1.8
h, (Z) = 0.0261{3'6[ P J = [ ! j g R, = throat radius of curvature hg [] m, / D
H, D7\ R, ) = high Q at throat
. . . A
* evaluate fluid properties at free-stream stagnation temperature a q q
I, N
0.2n-0.8 -0.2n - '
o= lh[1+—y 1M2j+l (1+—y 1M2j " hotgases : '\ i
2T, 2 2 2 r | i P NS copling liquid
o iwall:
n ~ 0.8 for diatomics e =
n = temperature dependence of U Al

16
Sedina Tsikata — AE4451



Heat transfer Qi Georgia Tech

Convective heat transfer coefficients: compressible effects, origin of o

e for highM (>0.7-0.8)

- increase in static temperature of gas in boundary layer as gas slows

v o

- heat conduction through gas driven by temperature gradient 1

c 04 03 D 0.1 wh
8 m 1

hg (Z) = 0'026k§.6£ - j 1.8 ( j we
H, D R

c

(RS
ﬂ
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Convective heat transfer coefficients: compressible effects

* we saw before that the adiabatic wall temperature differs from the free stream stagnation temperature

ov ndery et
T /

‘ * heat transfer back into free stream from hot, slow moving fluid near wall

* heat transfer in reality not driven by T, but by a "recovery temperature" T,

r
-\ —

T <T, smallerthan To due to viscous dissipation

e rdepends on type of boundary layer r = f(Pr)
Flow type
Laminarouette Pr y-1
2
Laminar free boundary layer T.=T,|1+ ™,
vy VPr L ( 2 =
Turbulent free boundary layer PI‘1/3 /

lo / Ty 18
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Axial heat transfer solution

* Goal: determine how thermal conditions vary along x, axis of thrust chamber assembly

approach - combine previous results with: /qr“

T |
gas energy equation (1D) ¥ ri1,c, dT, (x)=g(x)mD, (x)dx 1,
Twh

4 49, 4

coolant energy equation (1D) < mchp l

dT,,(x) = §(x)Hdx

arte we

max )’ Tog (xmin )

boundary conditions T,(x

Y

other constraint (e.g. from energy equations)

X
T, (x ~ ) Tl(x i )
. og \“*min . c min
m j c dI_ =m c .dT,
& Tog (xmax) P& o8 ct Tcl (xmax) p,CZ :
* numerical solution; finite differencing > X
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Other limitations of these treatments

e although these expressions for the correlations and heat coefficients are commonly used, they are
not precise: large error bars expected

- mixing processes in fuel film neglected
- chemical reactions in boundary layer neglected
- predictions needed: Bartz, Ambrok - predict T, and iterate from there

- Ambrok's equation inaccurate for strong flow acceleration

* more complex solution strategies
- Two-Dimensional Kinetics (TDK) code: NASA, DoD
boundary layer equations solved for real wall shape
- Solid Rocket Performance Prediction (SPP) code
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