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Hypersonic propulsion lives on a single, unforgiving budget: stagnation enthalpy hy ~ ¢, T;. At
Mach numbers beyond ~5, the freestream total temperature Ty = To,[1 + %Mz]soars into

the thousands of kelvin, imposing materials limits while simultaneously offering a reservoir of
“spendable” energy for thrust. Air-breathing hypersonic engines—ramjets and scramjets—
succeed only if they (i) capture flight kinetic energy in the inlet with high pressure recovery and
minimal entropy rise, (ii) add chemical enthalpy in the combustor without provoking inlet
unstart or excessive total-pressure loss, and (iii) convert the accumulated hyto jet momentum in
a properly expanded nozzle. This paper develops a propulsion-only ledger for hy: how much is
banked, how dearly additional enthalpy is purchased, and how efficiently it is cashed out as
exhaust velocity. We formalize practical metrics—pressure-recovery, combustor pyloss vs Ahy,
nozzle effectiveness, and a compact h, —jet conversion index—and relate them to operability
boundaries: shock-train stability, thermal choking, dissociation/recombination effects, and
altitude matching. The goal is a design playbook: preserve hywhere possible, add it where
stable, and expand it where the atmosphere will let you—while keeping the airframe, sensors,
and materials alive long enough to matter.
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1) Fundamentals: hO as Hypersonic Propulsion Currency
1.1 Definitions and scaling of T0O, hO with Mach
Definitions:

e Static temperature: T

e Stagnation (total) temperature: TO

e Staticenthalpy:h=cp*T

e Stagnation (total) enthalpy: hO=h +V22/2 =cp * T + VA2/2
(For a single-stream, adiabatic flow with no shaft work, hO is conserved.)

Perfect-gas stagnation relations (calorically perfect, constant gamma and cp):

TO=T*(1+(gamma-1)/2* M"2)

hO=cp *TO

pO=p *(1+(gamma-1)/2 * M"2 )Agamma/(gamma - 1))

where M =V/a and a = sgrt(gamma * R * T).

Scaling with Mach (rule-of-thumb magnitudes):

e TO grows like O(M”2). For air with gamma = 1.4 and ambient T = 220 K:

o M=5=T0=220*(1+0.2*25)=1320K
o M=8=T0=220*(1+0.2*64)=2820K
o M=10=>T0=220*(1+0.2*100)=4620K

e Hypersonic implication: even before adding fuel, the flow entering the inlet/diffuser
carries thousands of kelvin of “banked” thermal potential (cp * TO).

Non-ideal reminders:

e At high TO, air is not calorically perfect. Effective cp(T) rises and gamma(T) falls due to
vibrational excitation and dissociation. The constant-gamma formulas above overpredict
the static T reached after real shocks/diffusers but remain useful for first estimates of
how TO scales with M.

e Across shocks and well-designed diffusers, TO is nearly conserved, while p0 is not
(irreversible losses). Inlet design is therefore a fight to preserve hO while losing as little
p0 as possible.



Why propulsion cares:

¢ Inlet: convert flight KE to high TO with maximum pO0 recovery (bank hO, minimize
entropy).

e Combustor: add AhO (chemical heat) with minimal p0 loss and without unstart.

e Nozzle: convert chamber hO to jet kinetic energy; ideal Ve scales roughly with sqrt(T0 /
Mbar) times a pressure-ratio function.

1.2 Exergy view: why h0 (not AG) governs in open, flowing systems
Key thermodynamic lenses:
e Gibbs free energy AG bounds max non-PV work for closed systems at fixed T,p.

e Hypersonic engines are open, flowing, strongly nonisothermal devices: they compress,
add heat, and expand a stream to (near) ambient pressure. The relevant bound is flow
exergy (availability), which for steady, adiabatic, one-inlet/one-exit control volumes with
no shaft work reduces to the drop in stagnation enthalpy minus an environment term:

w_max = (h0_in-hO0_out)-T_amb * (sO_in - sO_out)
If the nozzle is close to isentropic, sO_out = s0_in, so:
w_max = h0_in - hO_out

That is, the usable work per unit mass you can turn into jet kinetic energy is governed by
changes in h0, not by a closed-system AG.

Combustion + nozzle in exergy terms:
1. Combustor: chemical exergy - higher hO of the products (plus some entropy).
2. Noazzle: near-isentropic expansion converts that hO into directed jet kinetic energy.

e The nozzle “spends” hO; any extra entropy produced before the throat reduces w_max
by the T_amb * AsO penalty.

Why AG alone misleads for hypersonics:

e AG is defined at fixed T,p and for closed systems. A scramjet inlet and nozzle deliberately
change T, p, and velocity profoundly; they are designed to move enthalpy between
internal and kinetic forms while exchanging pressure with the environment.



¢ In hypersonic air-breathers, the freestream hO0 is already huge; your first job is to
capture and preserve it (p0 recovery) rather than to maximize chemical AH or AG per se.

o Composition matters: the effective conversion of h0 to jet velocity depends on Mbar and
gamma of the exhaust. Hence, mixture control (to keep exhaust light and dissociation
manageable) is a propulsion lever even though total AG of reaction might be larger at
stoichiometric conditions.

Summary mantra:

Hypersonic propulsion = capture hO (inlet) + add AhO (combustor) - losses = convert to jet KE
(nozzle).

The exergy you can turn into thrust tracks h0O, not closed-system AG.

2) Inlet: Banking Flight Energy
2.1 External/internal compression, shock trains, diffusion

Goal. Convert freestream kinetic energy into stagnation temperature/enthalpy while arriving at
the combustor with as much total pressure as possible.

External compression (forebody/centerbody).
e Uses oblique shocks and surface curvature ahead of the cowl to pre-compress the flow.

e Advantages: spreads compression over multiple weak shocks = lower entropy rise per
unit pressure gain; reduces cowl lip spillage losses.

o Trade: geometric sensitivity; off-design angles produce stronger shocks and spillage.
Internal compression (within the inlet).
e Shock system (ramp/sidewall/cowl shocks) + shock train in a duct.

e Ashock train is a sequence of interacting shocks and boundary-layer (BL) separations
that gradually raise static pressure toward combustor needs.

o Design challenge: avoid large separated regions; keep train anchored where intended.
Diffusion.

¢ Subsonic diffuser section (if used) converts residual dynamic pressure into static
pressure with minimal separation.



Area expansion must respect BL growth; gentle dA/dx and corner treatments prevent
stall.

Note: Multiple weak compressions (external + internal) beat one strong normal shock for

pressure recovery, because entropy production grows nonlinearly with shock strength.

2.2 Pressure recovery vs entropy production; starting/unstart margins

Pressure recovery (figure-of-merit).

n_r = p0_exit / p0_oo

r_r close to 1 is ideal; hypersonic inlets inevitably have lower n_r due to shocks and BL
losses.

Entropy production.

Across shocks and viscous BLs, entropy s0 increases; since hO is (nearly) conserved in
adiabatic compression, lost p0 is the cost of entropy growth.

Minimize: use multiple oblique shocks, manage BL with bleed/porous surfaces, and keep
shock intersections off BL when possible.

Starting vs unstart.

Start: the inlet establishes its designed shock pattern; captured streamtube is settled,
T_r near design.

Unstart: combustor pressure rise or off-design incidence pushes the terminal
shock/train upstream; normal shock spills out of the cowl - massive p0 loss and flow
separation.

Margins: set by allowable combustor back-pressure and flight incidence. You control
them with isolator length, bleed, variable geometry (ramp/cowl schedules), and
guidance (AoA/B limits).

Criteria (qualitative):

If Ap_back (combustor) > buffer( isolator + bleed ), shock train = upstream = unstart.

Design so: buffer > worst-case Ap_back over mission envelope.



2.3 Managing TO while minimizing pO0 loss

Scaling to remember (perfect-gas, first cut):

TO=T*(1+(y-1)/2*MAr2)

e At hypersonic M, TO is enormous. You cannot “increase TO” in the inlet (it is nearly

conserved); you shape how much of the flight kinetic energy turns into static T and p

without throwing away p0.

Practical levers.

1. Shock strategy:

Prefer multi-shock external compression - smaller entropy rise per Ap.
Align shocks to avoid triple-point impingement on thick BL.

Use weak terminal shock (or short train) at entry to isolator; avoid a single
strong normal shock.

2. Boundary-layer control:

Bleed (slot/porous) removes low-momentum BL air, preventing separation and
improving effective area ratio > boosts r_r.

Surface treatments (cooling, catalysis control on high-T materials) to limit BL
growth and chemistry-induced heating.

3. Area and contour management:

Gentle internal diffusion (dA/dx small), 3D shaping to maintain crossflow
pressure gradients that suppress separation.

Variable-geometry ramps/cowls to keep shocks at design angles across
Mach/altitude changes.

4. Thermal/material constraints:

o

High TO sets cowl-lip and ramp thermal limits. Choose materials/coatings and
local cooling (film/transpiration) so walls do not catalyze recombination
strongly—surface recombination dumps part of the flow’s h0 into the wall as
heat, worsening pO loss.

5. Operability buffer (with isolator):

o

Size isolator to absorb combustor-driven pressure oscillations.



o Coordinate fueling schedules with inlet maps so added AhO downstream does
not exceed the buffer - avoids unstart while preserving m_r.

Checklist:

Inlet design objectives:

- Maximize m_r = p0_exit / p0_oo

- Keep hO = constant (adiabatic), minimize AsO (entropy rise)

- Use multi-shock external compression + mild internal diffusion
- Control BL (bleed, surface, contour) to prevent separation

- Provide isolator buffer > worst-case combustor Ap_back

- Protect walls from excessive catalytic heating at high TO

3) Isolator: Buffering hO Additions
3.1 Shock-train / boundary-layer (BL) interactions and pressure-rise tolerance

Role. The isolator is a short, usually near-constant-area duct placed between inlet and
combustor. It must absorb combustor-induced pressure rises caused by heat release (Ah0)
without letting the terminal shock system move upstream and unstart the inlet.

Core picture

e Upstream of the combustor, a shock train (series of compression shocks + BL
separations) establishes the static pressure needed at combustor entry.

e The train’s axial position adjusts to balance:
o upstream provided p0 and massflow from the inlet, and
o downstream back-pressure from heat addition and combustion dynamics.

o |If downstream back-pressure exceeds what the isolator can buffer, the shock train
propagates upstream; if it escapes the cowl, the inlet unstarts.

Key mechanisms.

¢ BL thickening reduces effective area, raising local Mach and amplifying the required
compression per unit length = stronger shocks, larger entropy and p0 losses.



e Separation bubbles form beneath shocks; bubble growth shortens the train’s effective
length and lowers its tolerance to additional back-pressure.

e Oscillatory coupling: heat-release oscillations (combustor) ¢ shock-train breathing
(isolator). Poor damping yields limit-cycle oscillations and intermittent unstarts.

Engineering levers.

e Wall treatments / bleed near the train’s leading shocks to remove low-momentum BL
fluid and anchor the train.

¢ Surface temperature and catalysis control to suppress chemistry-induced BL heating
that would otherwise thicken the BL and increase pO loss.

e Train placement away from geometric discontinuities (ramp/corner junctures) that
promote separation.

Pressure-rise tolerance (qualitative rule).
If Ap_back > Ap_buffer(isolator geometry, BL control, length), = train = upstream - unstart.
Design so: Ap_buffer > worst-case Ap_back across mission envelope.
Useful lens (back-of-envelope): treat the isolator as a Rayleigh—Fanno “hybrid” segment—
¢ heat addition (Rayleigh) raises static p and can drive the flow toward thermal choking,

e friction (Fanno) increases total pressure loss and shifts Mach toward 1.
The isolator must keep the combined trajectory away from the choking/unstart
boundary.

3.2 Length, area, and Reynolds-number effects on stability
Length (L).

e Minimum length must provide the axial distance for the shock train + separation
structures + recovery region:

o too short - the train cannot “fit”; small Ap_back pushes it upstream.

o longer ducts increase tolerance (more buffer volume/time) but add p0 loss via
friction.

e Practical rule:

Pick L so that L > L_train(M_in, Re_x, 6/ h) + margin for Ap_back transients.
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(where & is BL thickness, h is hydraulic height; use rig/CFD to calibrate L_train.)
Area / geometry.

¢ Constant area simplifies control and avoids area-induced accelerations that can
destabilize the train.

o Mild area growth (diffusing isolator) can raise static pressure gently, but risks separation
unless dA/dx is very small and BL is bled.

e Corner radius and 3D shaping matter: sharp internal corners trigger corner separations
that shorten effective L and lower tolerance.

Reynolds number (Re).

e Higher Re (for fixed Mach) usually means thinner BL, better momentum near the wall,
and higher pressure-rise tolerance before separation.

¢ However, higher Re also means higher skin-friction coefficient Cf, increasing p0 loss over
L. There is a trade:

o too low Re - thick BL - early separation (low tolerance),
o too high Re - larger frictional p0 penalties (recovery cost).
Boundary-layer control (amplifies effective L).

e Distributed bleed upstream/within the train removes low-momentum fluid and keeps
shocks attached—functionally lengthening the usable duct.

e Micro-ramps/vanes can energize near-wall flow, but must be placed to avoid extra
shock/BL interactions.

Stability checklist.
Given (M_in, TO_in, pO_in, Re_x, combustor AhQ),

choose L, area, and BL controls to satisfy:

1) Train containment:

L > L_train + margin AND shocks clear of BL trip/corners.

2) Back-pressure tolerance:
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Ap_buffer(L, bleed, Re, BL control) > worst-case Ap_back(AhO dynamics).

3) Acceptable total-pressure loss:

p0_out / p0_in > m_min (from engine map), including friction + shocks + bleed.

4) No thermal choke:

Rayleigh—Fanno trajectory remains sub-choke for all AhO schedules.

5) Damping:
Shock-train breathing modes damped (no limit-cycle) under expected heat-release oscillations.
What to measure/model.
e Maps of pO_out/p0_in vs Ap_back and train position vs time under pulsed fueling.

e Wall pressure arrays to detect train motion; fast thermography for BL state; schlieren
for shock topology.

o CFD with reacting BL (finite-rate chemistry, variable y, cp(T)) to predict separation onset
and breathing modes; validate with direct-connect rig data.

Bottom line. The isolator is a pressure-rise shock absorber. Make it just long and clean enough
(geometry, bleed, BL control) to buffer worst-case AhO transients without unstart—while
guarding pO like cash.

4) Combustor: Adding Enthalpy Without Losing the Inlet
4.1 Mixing/ignition in millisecond residence times

Clock budget:

Let L_c = effective combustor length, U_x = streamwise convective speed.

Residence timet res=L c/ U_x.

For hypersonic scramjets, T_res is typically 0.5-3 ms; even ramjet-like modes rarely exceed 5-10
ms.
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Implications:

e Atomization/vaporization (liquid fuels): droplets must reach reactive vapor quickly. Use
small Sauter mean diameter (SMD), hot crossflow, and wall-wetting avoidance.

e Gaseous fuels (e.g., H2): exploit very fast mixing and short ignition delay; favor
transverse/angled jets that generate large-scale vortices without excessive total-pressure
loss.

¢ Injector strategies:

o Staged injection (pilot + main): pilot establishes a resilient heat-release kernel;
main adds most of AhO.

o Cavity/flameholder: recirculation zones provide long local T_res for ignition
anchoring with acceptable global losses.

o Strut/ramp injectors: create controlled shocks and streamwise vortices to thicken
the mixing layer at modest pO cost.

Ignition delay (order-of-magnitude):
e H2-air at high TO (= 1200-1500 K): microseconds—hundreds of microseconds, favorable.

e Hydrocarbons—air: milliseconds at comparable TO unless preheated or partially cracked;
often need pilots, hot surfaces, or plasma assist.

Checklist:
T_mix +T_ignh << T_res
Sustain a recirculation kernel (pilot) with minimal ApO

Minimize wall wetting and avoid droplet liftoff times ~ 1_res

4.2 Heat-release vs total-pressure loss; thermal choking limits

What you want: add AhO (chemical enthalpy) while spending as little total pressure p0 as
possible.
What you risk: entropy growth and thermal choking (Rayleigh line limit).

Rayleigh-flow lens (constant area, heat addition):
For a perfect-gas stand-in, along a Rayleigh line (adding heat to a 1-D stream), there exists a
maximum in mass-flow-normalized momentum; adding too much heat at a given Mach pushes
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the flow toward M - 1. Past that, further heat causes large pressure losses and potential inlet
back-pressure - unstart.

Indicators:

e Total-pressure loss across combustor:
Ap0 / p0_in = (p0_in - p0_out) / pO_in.

e Heat-release parameter (nondimensional):
X = Ah0 / (cp * TO_in) (rough measure of the relative enthalpy rise).

o “Safe” operating band: choose x and local Mach to avoid the Rayleigh maximum;
distribute heat axially (staging) to keep the local flow from choking thermally.

Loss mechanisms to manage:

¢ Mixing losses: excessive shock generation by jets-in-crossflow, large cavities, or sudden
area changes.

e Viscous/BL growth: longer combustors add frictional pO loss; use heat addition to
energize the core, not the wall layer.

e Shock-train coupling: pressure rise from heat release must not exceed isolator buffer.
Design moves that buy AhO cheaply:
e Axial staging: many small AhO increments rather than one big spike.

o Distributed ignition/assisted kernels: shorten effective t_ign so you can burn earlier
with smaller local back-pressure rise.

e Moderate equivalence ratio ¢: avoid local ¢ > 1 near walls (hot spots, BL growth); aim
for bulk-rich but locally uniform mixing.

Rule-of-thumb:
If (ApO/pO0_in per unit AhO) is rising steeply, you are nearing thermal choking.

Respond by: (i) staging heat release, (ii) reducing local ¢, (iii) moving injection
upstream/downstream to spread ¥.
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4.3 Chemistry at high TO: dissociation and beneficial recombination

Reality at hypersonic TO: air and products are calorically imperfect; vibrational modes excite,
and key species dissociate. This raises cp(T) and lowers y(T), altering how added AhO translates
to temperature rise and pressure response.

Dissociation (costs and opportunities):

e Costs: part of the added AhO goes into breaking bonds (chemical energy storage) rather
than raising static T. This can reduce immediate pressure rise (sometimes good for
operability) but increases entropy and may not fully reconvert to jet kinetic energy.

e Opportunities: recombination downstream (especially through the nozzle) can pay back
some stored chemical energy as temperature increase—raising effective expansion work
if recombination occurs where it helps thrust (i.e., inside the nozzle, not on walls).

Fuel choice & mixture effects:

e Hydrogen: fast kinetics, light products (low M), limited soot—excellent for converting hO
to velocity; dissociation is significant but recombination is also favorable in expansion.

e Hydrocarbons: slower ignition; can partially crack upstream (reactor, heated strut) to
create lighter fragments (C2/C1/H2), which lower M and t_ign.

« Ammonia/methanol blends (research): trade ignition delay vs exhaust M; may require
pilot H2.

Where recombination helps vs hurts:

o Helps: within the core flow in the nozzle expansion, where released heat increases T of
a stream that is being expanded to lower p (more jet KE).

e Hurts: at catalytic walls (cowl, ramp, liners), where surface recombination dumps heat
into the structure, thickens the BL, and steals p0. Use coatings/materials with low
catalytic efficiency for O/H radicals.

Modeling guidance:
Use reacting-flow (finite-rate) chemistry in CFD for combustor;
use EQ and FR brackets through the nozzle:
Isp_EQ (composition re-equilibrates)
Isp_FR (composition frozen from throat)
Real performance lies between; target injection/mixing so that
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useful recombination happens in the expanding core, not on walls.
Practical chemistry/operability synthesis:
e Pick ¢ so the bulk is mildly fuel-rich (keeps M low, temps manageable).
e If hydrocarbon, pre-crack or preheat to shorten t_ign and lighten products.

e Control residence-time distribution: cavities/recirculators should stabilize flames
without large p0 penalties.

e Choose materials/coatings to suppress catalytic recombination on walls and to tolerate
high-radical environments.

e Coordinate with isolator maps: the net pressure rise from your AhO schedule must stay
within the buffer, or the inlet will unstart.

One-line mantra:
Add AhO fast—but in small, staged bites—so chemistry lights and completes within t_res,

pressure rise stays inside the isolator buffer, and recombination energy emerges in the nozzle,
not in the walls.™

::contentReference[oaicite:0]{index=0}

5) Nozzle: Converting h0 to Jet Momentum

5.1 Ve ~ sqrt( TO / Mbar ) and the role of gamma, Mbar

Ideal-gas stand-in:

Ve = sqrt{ (2 * gamma / (gamma - 1)) * (R * TO / Mbar) *
[1-(pe/pc)*((gamma - 1)/gamma) ] }

where pc is chamber total pressure, pe exit static pressure, R universal gas constant, Mbar
average molecular weight of the exhaust (kg/mol), and gamma = cp/cv evaluated for the
chamber mixture.

Key levers:

e TO (total temperature): higher TO increases the available enthalpy per unit mass (h0 =
cp*T0).
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e Mbar (composition): lower Mbar yields higher Ve through the sqrt(R*T0/Mbar) factor;
fuel-rich mixtures bias products to lighter species (H2, CO), lowering Mbar.

e gamma (effective ratio of specific heats): larger gamma increases the multiplicative
expansion factor 2¥*gamma/(gamma-1) and steepens the pressure-ratio term. At very
high temperatures, gamma typically falls (vibrational DOF, dissociation), partially
offsetting gains from TO.

Practical takeaway: for a fixed pc and geometry, raising TO helps, but lowering Mbar and
keeping gamma from collapsing often buys more Ve per unit of added complexity or thermal
risk.

5.2 Altitude matching, area ratio, and separation avoidance
Pressure matching:

e Maximum kinetic-energy conversion occurs when the exit pressure is near ambient:
pe = pamb - “matched expansion”

e If pe > pamb (under-expanded), you leave “pressure thrust” on the table; if pe < pamb
(over-expanded), shocks and separation can cause large losses.

Area ratio and altitude:
e Exit-to-throat area ratio Ae/At sets pe/pc (for fixed TO, gamma):
o Larger Ae/At - smaller pe/pc = better vacuum expansion.
o Atsea level, too-large Ae/At risks separation; at altitude, it pays off.

e Hypersonic concepts prefer altitude starts or very high-altitude operation, enabling
large Ae/At without separation penalties.

Separation avoidance (sea-level or moderate altitudes):

e Wall contouring (Rao/modern bell) minimizes divergence and local adverse pressure
gradients.

¢ Truncated ideal contours reduce weight and help avoid low-pressure pockets.

e Dual-bell / altitude-compensating nozzles (plug, aerospike, expansion-deflection) widen
the usable ambient range, delaying separation onset.
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¢ Film cooling and low-catalytic coatings reduce wall heating and chemistry-induced BL
growth that can precipitate separation.

Checklist:
Choose Ae/At for the ignition altitude.
Aim for pe = pamb at the main operating point.

Verify separation-free margin over transients (start-up, throttle, AoA).

5.3 Thrust coefficient CF and efficiency losses
Definitions:

F=CF*pc*At

Isp = (CF *c*) /g0

where c* is characteristic velocity (chemistry/combustion quality), CF encapsulates nozzle
expansion and losses, and g0 is standard gravity.

Ideal CF (perfect expansion):
CF_ideal = sgrt{ (2*gamma”2)/(gamma-1) * (2/(gamma+1))*((gamma+1)/(gamma-1)) *
[1-(pe/pc)*((gamma-1)/gamma)]}+ (pe - pamb)/pc * (Ae/At)

¢ For matched expansion (pe = pamb), the pressure term vanishes and CF is purely an
expansion/kinematics function.

Major loss buckets (what reduces CF from ideal):

1. Viscous and boundary-layer losses: effective Ae is smaller than geometric; momentum
deficit near the wall lowers thrust.

2. Divergence loss: finite nozzle half-angle; not all exhaust momentum is axial. Modern
contours minimize this with gentle turning.

3. Shock/separation loss: over-expansion at low altitude triggers internal shocks and flow
separation; CF collapses abruptly.

4. Heat transfer and catalytic recombination on walls: dumps a slice of h0 into the
structure instead of the jet; raises entropy, drops pO.
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5. Non-equilibrium chemistry: if composition freezes (FR) downstream of the throat, it can
be better or worse than equilibrium (EQ), depending on whether beneficial
recombination would have added to axial work or would have occurred mostly on the
walls.

Quantifying nozzle “conversion quality” (useful quick index):
eta_hO_to jet=(Isp * g0)*2 /(2 * cp * TO)
= (CFA2 * c*A2) /(2 * cp * TO)

¢ Holds hardware and chemistry in one number; rising CF (better expansion) and rising c*
(lighter products, good mixing) both lift the index.

Design moves that lift CF and reduce losses:

e Match expansion to altitude (biggest win; choose Ae/At and ignition profile
accordingly).

e Use optimized bell contours (Rao-like or numerically optimized) to reduce divergence
and separation risk.

e Manage wall heat (regen + film) and chemistry (low-catalytic liners) to keep p0 in the
flow, not in the wall.

¢ Keep exhaust light (fuel-rich products, pre-crack heavy fuels) so that the same TO yields
higher Ve and larger pressure-ratio effectiveness.

Summary mantra:

Nozzle performance = (preserve h0 into the chamber) x (expand it where pe = pamb) x (avoid
shocks/separation).

Maximize CF at operating altitude; protect c* by keeping products light and losses low.

::contentReference[oaicite:0]{index=0}

6) Metrics & Figure-of-Merit
6.1 Inlet pressure recovery rt_r and operability map
Definition:
m_r = p0_exit / p0_infty
¢ pO_infty = freestream total (stagnation) pressure just ahead of the inlet capture plane
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e pO_exit = total pressure delivered to the isolator/combustor entrance

What it means. rt_r is the fraction of freestream “useful push” (total pressure) the inlet
preserves while it “banks” stagnation enthalpy hO. Hypersonic shock trains and boundary layers
inevitably reduce m_r (entropy production); design fights to keep m_r as high as possible.

Operability map (qualitative axes):
e X-axis: flight condition (e.g., Mach, angle-of-attack) or combustor back-pressure
e Y-axis: m_r and shock-train position (or unstart margin)
e Regions:
o Started: nominal shock pattern, m_r > design threshold
o Marginal: train breathing, reduced m_r, close to unstart
o Unstarted: terminal shock expelled; t_r collapses
Acceptance targets (program-dependent, placeholders):
r_r_design > 0.85 (direct-connect rig)
n_r_flight > 0.75 over mission corridor
Unstart margin = Ap_back,99 (worst-case combustor pressure rise)
How to raise mt_r:
e Multi-shock external compression (weaker shocks)
e Boundary-layer control (bleed/porous panels)
e Avoid shock/BL interactions at corners; 3-D shaping

e Match cowl/ramp schedules to keep terminal shock weak

6.2 Combustor Ap0/p0,in vs AhO

Definitions:

Ap0/p0,in = (p0,in - p0,out) / p0,in

AhO = h0,out - h0,in (chemical enthalpy added per unit mass)
X = Ah0 / (cp * TO,in) (nhondimensional heat-addition parameter)

e p0,in/ p0,out are combustor-inlet and combustor-exit total pressures
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e TO,in is combustor-inlet total temperature, cp the mixture heat capacity at that state

Figure-of-merit. You want large AhO purchased at small Ap0/p0,in. Plotting Ap0/p0,in versus
reveals whether heat release is “cheap” or “expensive” in pressure loss.

Operational cues (Rayleigh lens):

e For agiven inlet Mach, there is a Rayleigh maximum; pushing x too high drives the
stream toward thermal choking (big ApO for little added thrust potential).

e Good region: shallow slope d(Ap0/p0,in)/dx (cheap heat).

e Warning region: slope steepens (approaching thermal choke).

e No-go: unstart boundary (back-pressure exceeds isolator buffer).
Design moves that improve the trade:

e Axial staging of heat release (many small AhO increments)

e Fast-ignition strategies (pilot flames, plasma assist) to burn earlier without large local
pressure spikes

e Mixture management to avoid very rich wall zones (keeps BL thin and losses low)
Rule:

If d(ApO/p0,in)/dx T sharply, distribute heat: reduce local ¢, move injection, or add a pilot stage
to keep x below the Rayleigh knee.

6.3 h0 - jet conversion index n_{h0->jet} = (Isp*g0)*2 / (2*cp*TO)
Definition (dimensionless):
n_{h0->jet} = (Isp *g0)*2 /(2 *cp *TO)

e Isp = specific impulse at the operating point (use vacuum or effective-altitude value
consistent with your nozzle)

e g0=9.80665 m/s"2

e TO, cp = chamber (total) temperature and mixture heat capacity (same state used for
performance modeling)
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Meaning. Fraction of the chamber’s stagnation enthalpy per unit mass (cp*T0) that emerges as
jet kinetic energy implied by Isp. It is not a 1st-law “efficiency,” but a compact conversion index
that rewards both good chemistry (c*) and good expansion (CF).

Useful identities:

Isp = (CF *c*) /g0

n_{h0—>jet} = (CFA2 * c*72) /(2 *cp *TO)

So you can raise n_{h0—>jet} by:
e lifting c* (lighter products - lower Mbar, favorable y; good mixing/complete burn)
e lifting CF (altitude-matched expansion, high Ae/At, low divergence/viscous/shock losses)

Computation checklist:

Inputs:

- O/F, pc, Ae/At, ambient p

- Model: EQ or FR through the nozzle (state which one)

- Chamber: TO, cp(TO, composition), gamma(T0), Mbar(T0)

- Performance: Isp (measured or modeled, matched to the same assumptions)

Compute:

n_{h0—>jet} = (Isp*g0)*2 / (2*cp*TO)

Report alongside:
(O/F, pc, Ae/At, altitude, model, TO, cp, gamma, Mbar, Isp)
Interpreting values (order-of-magnitude guide):
e ~0.35-0.45 : legacy kerolox/hypergols, modest expansion
e ~0.45-0.55 : solids (vacuum), methalox with good bells

e ~0.70%: hydrogen engines with large vacuum nozzles
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Cautions (how not to misuse it):

e Do not mix a measured Isp with a different (optimistic) TO, cp from a mismatched O/F or
model—recompute consistently.

o State EQ vs FR; real nozzles lie between those bounds.

e At sea level, nozzle mismatch/separation can dominate; a low n_{h0—>jet} may reflect CF
penalties, not poor chemistry.

One-line takeaway:

n_{h0—>jet} is a clean, one-number “spend score”: preserve h0 (inlet), add AhO cheaply
(combustor), expand where pexpamb (nozzle), and you will see it rise.
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7) Design Trades & Schedules
7.1 Fuel choice, equivalence ratio, and injector placement
Fuel choice (heuristics):

e H2 - fastest ignition, lightest products (low Mbar), strong lift in Ve ~ sqrt(T0/Mbar);
storage/volume penalties.

e CH4 - middle ground: decent kinetics when preheated, cleaner than heavier
hydrocarbons, good for thermal management.

e (C8+ (JP/kerosene-class) = high density and storage simplicity; requires preheat/cracking
or robust pilots to meet t_res limits.

Equivalence ratio (¢) targeting:
Goal: bulk mildly fuel-rich (¢ = 1) to lower Mbar and temper dissociation,
but avoid local ¢ > 1 near walls (BL growth, coking, heat load).
e Stage fueling so the local x = Ah0/(cp*TO0,in) grows in small, distributed increments.

¢ Use a pilot flame (stable, small ¢ zone) + main injectors downstream to add most AhO.
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Injector placement/orientation:

e Gaseous H2: transverse or angled jets-in-crossflow that generate strong streamwise
vortices with minimal ApO; consider strut/ramp injectors to combine shock generation +
mixing.

e Liquid fuels: prefer wall-avoiding sprays (small SMD), preheat passages, and/or
catalytic/thermal pre-crackers in struts to shorten t_ign.

e Cavities/flameholders: size to create a recirculation kernel (long local t_res) without
large total-pressure penalties; shield from main core to limit pO loss.

Checklist:

Pick fuel for t_ign << t_res.

Target bulk ¢ = 1; suppress wall-rich zones.

Place injectors to create vortices, not strong shocks.

Pre-crack heavy fuels; avoid wall wetting and film boiling.

7.2 Isolator sizing for worst-case transients

Design objective: keep the shock train inside the duct when the combustor delivers its
maximum credible back-pressure pulse.

Inputs to size against:
e Ap_back,max from transient heat-release (pulsed fueling, ignition, surge)
¢ Inlet delivery: (M_in, pO_in, TO in, Re_x) and expected BL thickness &
e Target train topology (number/strength of shocks) and allowable p0 loss
Length L selection:
L>L_train(M_in, Re_x, 6/h) + L_margin(Ap_back,max)

e L _train from rig/CFD maps; L_margin to keep the terminal shock from reaching the cowl
during Ap_back,max.

e Longer L 1 tolerance but 1 frictional p0 loss; tune with distributed bleed to
functionally lengthen the buffer at lower loss.
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Area/geometry:

e Prefer constant-area or very mild diffusion (dA/dx small).

e Radius internal corners; avoid shock impingement at BL-thickened regions.

e Add bleed slots/panels near train leading shocks to remove low-momentum fluid.
Damping breathing modes:

¢ Avoid geometric resonances; break coherence with staged injection (desynchronize
combustor oscillations) and porous liners that add acoustic damping.

Checklist:

Compute Ap_buffer(L, bleed, Re, BL control).
Require Ap_buffer > Ap_back,max.

Verify pO_out/p0_in > m_min (engine map).

Confirm no thermal choke (Rayleigh limit) across AhO schedule.

7.3 Altitude windows for start, throttle, and expansion

Why altitude matters: ambient pressure p_amb sets the acceptable exit pressure pe and
separation margin. Start, throttle, and nozzle sizing must be scheduled where pe = p_amb (or
safely under-expanded).

Start window (ignition):

o Sea-level starts risk over-expansion and separation in large-area nozzles; inlet shocks are
also strongest (low m_r).

e Altitude starts (thin air) reduce back-pressure, easing matched expansion and raising CF.

e Pick a Mach-altitude box where: inlet starts reliably (shock pattern stable), isolator
buffer is adequate, and combustor ignition delay is short at TO_in.

Throttle windows:

e At higher altitude: more room to increase AhO without pushing back-pressure to unstart
(larger Ap_buffer in practice).

o At lower altitude: throttle plans should stage heat release to keep x below the Rayleigh
knee; hold back on equivalence ratio spikes.
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Nozzle expansion schedule:

e Choose Ae/At for the main operating altitude; if mission spans wide ambient range,
consider dual-bell or altitude-compensating options.

o For fixed bells, plan thrust bucket operations (temporary under-expansion) and avoid
over-expansion regions known to separate for your contour.

Altitude logic:

Select (M, h) start where:
-inletm_r 2 m_req

- isolator Ap_buffer > Ap_back,start
- combustor t_ign << t_res at TO_in

- nozzle pe = pamb (or safely under-expanded)

Throttle within (M, h) where:

- d(Ap0/p0)/dx modest (away from Rayleigh knee)
- unstart margin maintained

- separation margin maintained (nozzle)

Scheduling takeaway: plan a mission timeline (start - accelerate - cruise - maneuver) that
aligns inlet startability, isolator buffer, combustor heat-release pacing, and nozzle expansion
with the ambient pressure history, so the same h0 you captured can be added-to and converted
to thrust without paying it back as p0 loss or separation.

8) Failure Modes Bounded by hO
8.1 Inlet unstart and shock expulsion

What it is:
Unstart = terminal shock/shock-train is driven upstream and expelled from the inlet; total
pressure collapses and mass capture is lost.

Trigger (bounded by h0 additions):

e Combustor heat release raises back-pressure (Ah0 - Ap_back).
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e If Ap_back > Ap_buffer(isolator) - train migrates upstream - unstart.
Early indicators:

e Rapiddropinm_r=p0_exit/ p0_oo.

e Upstream wall-pressure rise and shock motion (“train breathing”).

o Spillage increase at cowl lip; forebody pressure coefficient jump.
Consequences:

e pO loss, flow separation, transient side loads, loss of thrust.

e Potential flameout on restart attempts if fueling not arrested.
Mitigations:
— Provide isolator length/bleed so Ap_buffer > Ap_back,max.
— Stage AhO (fueling) to keep local x = Ah0/(cp*TO0,in) below Rayleigh knee.
— Use variable-geometry ramps/cowls to re-seat shocks at off-design.
— Manage BL: bleed/porous panels to anchor the train.

— Fuel shutback or transient shaping on detected r_r dip.

8.2 Thermal choking and combustor blowout
Thermal choking (Rayleigh limit):

e In constant-area reacting flow, adding heat pushes subsonic Mach {, toward 1 (or
supersonic Mach “* toward 1). Beyond the Rayleigh maximum, small extra AhO causes
large pO0 loss and back-pressure—can precipitate unstart.

Diagnostic:
e Steepening slope on the trade curve Ap0/p0,in vs x = AhO/(cp*T0,in).

e Rising static pressure with falling massflow; temperature increase stalls; large entropy
rise.

Blowout:

o If flameholding fails (too lean locally, excessive velocity, or quench), heat-release
collapses = loss of thrust, possible relight oscillations.
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Bound by hO:

e Very high TO reduces incremental temperature rise per AhO (due to cp(T) growth and
dissociation), so operable x band narrows; you reach the Rayleigh knee sooner.

Mitigations:

— Axially stage heat release; avoid one large AhO spike.

— Keep bulk ¢ = 1 but suppress wall-rich pockets (limit BL growth).

— Accelerate ignition/mixing (pilot flames, pre-cracking, plasma assist).
— Use cavities/struts to anchor flames with minimal ApO.

— Enforce x schedule limits in control law; back off on rising d(Ap0/p0,in)/dy.

8.3 Nozzle mismatch, separation, and performance collapse
Mismatch:
e pe > pamb (under-expanded): lost kinetic conversion; pressure thrust left on table.

e pe K pamb (over-expanded): internal shocks and flow separation; thrust coefficient CF
drops sharply.

Separation mechanics (bounded by h0 & wall environment):

e Adverse pressure gradient + thick/catalytic boundary layer - separation bubble >
shock/bubble interaction - hysteretic thrust loss.

e High TO promotes wall heating and radical recombination; both thicken BL and lower
separation margin.

Symptoms:

e Sudden Isp/CF drop, side loads, low-frequency oscillations; plume shape changes (shock
cells, Mach disk relocation).

Mitigations:
— Match Ae/At to operating altitude; plan altitude start for very large bells.
— Use optimized bell contours (low divergence loss, robust to over-expansion).

— Consider dual-bell or altitude-compensating concepts for wide ambient range.
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— Apply wall cooling/low-catalytic liners to limit BL growth at high TO.

— Control throttle/attitude to stay out of known separation pockets.

Quick health metrics:

Inlet: m_r>m_req, dm_r/dt within bounds, train position stable

Combustor: d(Ap0/p0,in)/dx moderate, T_ign << T_res, no Rayleigh knee crossing
Nozzle: (pe = pamb) at main point, CF within ACF_spec, no separation sensors tripped

Bottom line:

All three failures are different faces of the same budget: how you capture, add, and convert hO.
If added enthalpy (AhO) is scheduled faster than the inlet/isolator can buffer, or if expansion
tries to cash out hO where ambient won’t allow it, the system pays back in pO loss, unstart,
choking, or separation. Designing the margins—and the control schedules—to keep the hO
ledger solvent is the essence of hypersonic propulsion reliability.

9) Verification & Tools
9.1 Ground testing: reflected-shock/expansion tubes, direct-connect rigs
High-enthalpy sources:

o Reflected-shock tunnel (RST): a driver shock raises T, p; reflection at the endwall
produces short-duration test gas with flight-like TO, p0, and composition (including
dissociation). Useful for inlet startability, shock/BL studies, and ignition delay
measurements.

e Expansion tube / HEG-class facilities: shock then rapid expansion to reach very high hO
at relevant M with better freestream fidelity for aero-propulsive coupling.

e Shock tubes (ignition focus): millisecond or sub-millisecond residence; ideal for t_ign,
mixing kernel, and elementary kinetics at TO typical of hypersonics.

Direct-connect combustor rigs (DCR):

e Feed a conditioned flow (prescribed M_in, pO_in, TO_in) directly into isolator/combustor
hardware.

e Map Ap0/p0,in vs x = Ah0/(cp*TO0,in), Rayleigh knee, flameholding limits, and unstart
margins without full inlet/nozzle.
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What to instrument (checklist):

— Fast wall-pressure arrays (shock-train motion, unstart precursors)

— Total temperature/pressure probes at rig in/out (TO, pO bookkeeping)
— High-speed schlieren/PLIF (mixing, ignition kernel, shocks)

— Emission/absorption (OH*, CH*, H20) for heat-release timing

— Heat flux gauges / IR thermography (wall loads, catalytic effects)

— Time-synchronized fuel/valve telemetry (x schedule vs response)
Scaling cautions:

e Short test times (ms) - ensure thermal/chemical similarity (Damkohler, Reynolds,
Mach) rather than geometric fidelity.

e Use gas simulants (e.g., vitiated air) judiciously; document effects on cp(T), y(T), and
ignition chemistry.

9.2 High-enthalpy CFD and reacting-flow models; uncertainty quantification
Modeling stack (from light to heavy):

¢ RANS + finite-rate chemistry: workhorse for inlet/DCR design maps; include vitiation,
variable y, cp(T), and transport models consistent with high-T air.

o DES/LES (select zones): capture jet-in-crossflow mixing, cavity recirculation, and train
breathing; couple to reduced chemical mechanisms.

e EQ/FR nozzle brackets: compute Isp_EQ (equilibrating composition) and Isp_FR (frozen
from throat) to bound exhaust work extraction.

Chemistry & transport:

— Use reduced mechanisms validated at TO = 1500—-3500+ K.

— Include vibrational excitation, O/N chemistry, fuel cracking if hydrocarbon.
— Wall catalysis models (O/H recombination) - wall heat & BL thickening.

— Radiation (participating media) for nose/cow! windows if relevant.
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UQ (uncertainty quantification) essentials:
¢ Epistemic: mechanism choice, rate constants, turbulence closure, wall catalysis.
¢ Aleatory: facility condition jitter (pO_in, TO_in), fuel metering, geometry tolerances.
¢ Tools: non-intrusive polynomial chaos, Latin hypercube, Sobol indices to rank drivers.
Report with bands:
For each operating point:
— Mean + 95% Cl for t_r, Ap0/p0,in, x at Rayleigh knee, CF, n_{h0->jet}
— Sensitivity list: {parameter: % variance contribution}

— Validation anchors: (DCR point IDs, RST shot IDs)

9.3 System-ID in flight: inferring p0, TO, and losses from telemetry

Available telemetry proxies:

e Pitot/flush ports on forebody or cowl (with temperature-compensated transducers) -

reconstruct p0_ee and shock pattern shifts.

¢ Engine station pressures (isolator entry, combustor exit, nozzle plenum) - compute rt_r

= p0_exit/p0_co and Ap0/p0,in in real time.

e Wall thermography / heat-flux sensors (nose, ramps, cowl, nozzle) - infer catalytic
heating and BL state changes that correlate with pO losses.

e IMU/INS + GPS > M, h, g; with a calibrated inlet map, infer whether the inlet is near
start/unstart boundaries.

e Fuel/valve command logs - reconstruct x(t) (the enthalpy-addition schedule) against
pressure response.

Reconstruction steps:

1) Compute freestream: M, Teo, poo from INS/GPS + standard atmosphere.
2) Estimate TO_oo =Too * (1 + (y-1)/2 * M22) (first cut).

3) From forebody/cowl sensors, infer p0_ee and shock-on-lip status.

4) From station taps, compute:
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—1_r=p0_isolator_in / p0_oo
— Ap0/p0,in across combustor
5) Combine with nozzle chamber/exit taps to estimate CF (via thrust model).
6) Compare n_{h0->jet}(flight) = (Isp_flight*g0)*2 / (2*cp*TO_chamber)
against preflight bands (EQ/FR bounds) to diagnose where losses rose.
Online health/ID cues (thresholds to alert):
—dn_r/dt < -n_dot_max - inlet breathing; prepare AhO rollback
— Ap0/p0,in slope vs x steepening - approaching Rayleigh knee
— CF drop at fixed Ae/At and altitude = nozzle separation onset
— Wall heat-flux spike near cowl lip = catalytic recombination I, BL thickening
Flight test best practices:

e Fly structured x profiles (step, ramp, PRBS) to identify system gains and time constants
without crossing unstart or choking boundaries.

¢ Maintain a synchronized data record (valve states, taps, thermography, IMU) with sub-
millisecond stamps for shock-train dynamics.

e Close the loop: update the inlet/isolator/combustor maps post-flight; recalibrate
CFD/UQ with the new anchors and tighten preflight bands for the next card.

Bottom line: Verification is a tripod—impulse facilities for enthalpy/kinetics, direct-connect rigs
for component maps, and system-ID in flight to stitch pO, TO, and losses into a live h0 ledger.

10) Outlook
10.1 Ultra-high expansion and altitude-start concepts

Why it matters.
Maximizing CF at operating altitude is the cleanest way to raise (Isp*g0)”2 for a given chamber
hO = cp*TO. Large Ae/At (exit-to-throat area ratio) lowers pe/pc, pushing the bracket term in

Ve = V{ (2*gamma/(gamma-1)) * (R*T0/Mbar) * [1 - (pe/pc)*((gamma-1)/gamma)] }

toward its ideal limit.
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Paths forward:

o Altitude starts (vacuum or thin air): schedule ignition where p_amb is low so pe =
p_amb with very large Ae/At and no separation.

o Deployable/extendable bells: mechanical skirts or rollable extensions increase Ae/At
after ascent; lock-in at altitude to avoid sea-level separation.

e Dual-bell and altitude-compensating nozzles (plug/aerospike/expansion-deflection):
flatten CF(h) across a wide ambient range, reducing performance cliffs during transients.

¢ Wall housekeeping: pair big bells with regen + film cooling and low-catalytic liners to
keep boundary layers thin and separation margins high at extreme TO.

Checklist:

— Choose Ae/At for the main altitude; avoid pe < pamb at start.

— If wide-altitude ops are required, use dual-bell or compensating contours.
— Protect walls: regen + film; low-catalytic coatings to limit BL growth.

— Verify separation-free margin across throttle transients with CFD + rig data.

10.2 Mixture/kinetics tailoring for lighter exhaust and controlled recombination

Goal.
Increase Ve by lowering Mbar and shaping chemistry so that any recombination heat is released
in the expanding core, not on the walls.

Levers:

e Mild fuel-rich operation (¢ = 1): biases products to lighter species (H,, CO), lowering
Mbar and often improving c* despite slightly lower TO.

o Fuel selection and pre-treatment:
o H2: fastest ignition, lightest exhaust; storage penalties accepted if mission allows.
o CH4: preheat or partial reforming (to H, + CO) shortens t_ign, lowers Mbar.

o C8+ (kerosene-class): pre-crack in heated/ catalytic struts to produce lighter
fragments; avoid coking and wall wetting.

¢ Ignition control: plasma or hot-surface pilots to reduce t_ign so AhO can be staged
earlier (smaller local back-pressure spikes).
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¢« Recombination placement: tweak residence-time distribution so beneficial
recombination occurs post-throat (core flow) for added expansion work; suppress
catalytic recombination on walls via coatings.

Guidance:

Target: bulk ¢ = 1, local ¢ uniform (no wall-rich pockets).

Pre-crack heavy fuels; place injectors to create vortices, not strong shocks.
Model EQ and FR nozzle bounds; design for useful recombination in core flow.

Use low-catalytic liners to avoid hO dumping into walls.

10.3 Toward standardized hO ledgers for cross-program comparison

Why standardize.
A common “h0 ledger” makes designs comparable across teams and programs, turning
piecemeal test points into audit-ready propulsion economics.

Minimum report tuple (template):
{ O/F, pc, Ae/At, altitude (p_amb), model (EQ or FR),

TO_chamber, cp(T0), gamma(T0), Mbar(T0),

1_r (inlet), Ap0/p0,in (combustor), CF (nozzle),

Isp (state where measured), n_{h0O—>jet} = (Isp*g0)*2/(2*cp*T0) }
Process standards:

o Consistency: use the same solver and assumptions to generate T0O, cp, gamma, Mbar for
all points in a dataset; flag when switching EQ¢>FR.

e Bracketing: always publish EQ and FR bounds for nozzle performance: {Isp_EQ, Isp_FR},
{n_EQ, n_FR}.

e Uncertainty quantification: attach mean 1 95% ClI for r_r, Ap0/p0,in, CF, n_{h0->jet},
with a variance breakdown (e.g., mechanism rates, wall catalysis, turbulence model).

e Traceability: link each point to facility shot IDs (RST/expansion tube/DCR) or flight
card/time stamps, noting calibration states for sensors used to infer p0, TO.

34



Adoption roadmap:

e Start with direct-connect rig campaigns to populate Ap0/p0,in vs x maps and 1_r vs
back-pressure envelopes.

¢ Add nozzle-only hot-fire data to calibrate CF and separation margins at altitude-
representative p_amb.

e During flight tests, compute online n_{h0->jet} from telemetry and compare to preflight
bands for rapid anomaly diagnosis (inlet, combustor, or nozzle shortfall).

One-line takeaway:
Standardized hO ledgers = comparable t_r, Ap0/p0,in, CF, and n_{h0—>jet} across programs,

with EQ/FR bounds and uncertainty bands, so improvements are traceable to inlet, combustor,
or nozzle—not hidden in mixed assumptions.™™
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