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Chapter 17 
Rocket Science 

 
 
17-1. What makes a good rocket 
 
 The first rockets as we know them were invented by the Chinese around 600 AD 
following their invention of gun powder1. They called them fire-arrows and used them to 
create colorful displays during festivals, not unlike our contemporary fireworks. In the late 
1700s, the Kingdom of Mysore in India developed rockets and used them as weapons 
against the British East India Company2, and in retaliation the British military developed 
the Congreve rocket3 circa 1804. Both were effectively tiny missiles with very limited 
range and destructive power. The Mysorean rockets consisted of a tube of soft hammered 
iron about 20 cm long, closed at one end that contained packed black powder and served 
as a combustion chamber. A rocket with one pound of powder could travel about 900 m. 
In contrast, the European rockets, which were not made of iron, could not take large 
chamber pressures and were incapable of reaching similar distances. 
 

  
Figure 17-1.  The early Chinese fire-arrow (left) and the Mysorean rocket 
(right). Note that each has a tail consisting of long bamboo stick, 
presumably for directional stability. (Photo credits: NASA and painting by 
Charles H. Hubbell, Western Reserve Historical Society, Cleveland, Ohio) 

 
 
 Aside from adequate propulsion power, a main challenge was the stability of 
flight. The early Chinese fire-arrows and Mysorean rockets had a long bamboo stick 
attached as a tail (Figure 17-1), presumably to create rear drag thus guarding somewhat 
against wobbling. By the middle of the 19th Century, studies conducted separately in 
France and the United States indicated that rockets would be more accurate if they were 
spun, in a way similar to a bullet exiting a striated gun barrel. Spin-stabilized rockets 

 
1 www.grc.nasa.gov/www/k-12/TRC/Rockets/history_of_rockets.html  
2 https://www.thebetterindia.com/119316/tipu-sultan-mysore-rockets-hyder-ali-first-war-rocket/  
3 http://abyss.uoregon.edu/~js/space/lectures/lec01.html  
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quickly became standard equipment for both the British and United States armies but 
have since been abandoned in favor of stabilization by passive fins. 
 

 

 
 
 
 
 
Figure 17-2.  The spinning Hale rocket of 1844. 
Spinning was created by asymmetric exhaust 
tubes to ensure flight stability. (Source: 
weebau.com/history) 

 
 
 Interestingly enough, the basic “rocket equation” was not established until 1903 
by Konstantin Tsiolkovsky (1855-1935), a self-educated Russian schoolteacher interested 
in space travel. Rocket development based on scientific principles began in the United 
States with Robert H. Goddard (1882-1945) who was interested in probing very high 
altitudes. In the 1920s, he equipped his rockets with liquid propellant and scientific 
instruments (Figure 17-2b). There was also a parachute on board to provide safe return 
and the recovery of these instruments. Toward the end of World War II, German 
engineers developed the V-2 missile4 with an explosive charge in the head. For thrust this 
rocket burned alcohol with liquid oxygen at the rate of about one ton very seven seconds, 
and it could fly from Germany to England. After the war, many German engineers went 
to the United States, including Wernher von Braun (1912-1977). Rocketry made 
substantial progress during the Cold War by both Americans and Soviets, with military 
objectives as well as the peaceful launch of satellites. In 1957, the Soviet Union was the 
first to put an artificial satellite, called Sputnik (meaning companion), in orbit. The largest 
rocket ever built was the three-stage Saturn V launch vehicle used by NASA during the 
Apollo moon program (1961-1975) and for the launch of the first American space station 
in 1973. 
 
 

 
 

4 Called A-4 in Germany. 

 
 
 
Figure 17-2b.  Robert H. Goddard standing by 
his liquid-fuel rocket before its launch on 16 
March 1926. Note that the rocket engine is on 
top whereas the fuel tanks are below and 
connected to the engine with vertical tube 
lines. This inverted design was Goddard’s way 
of solving the stability challenge. (Source: NASA) 
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 This brief history illustrates the two primary challenges of rocket science: How to 
generate thrust strong enough to achieve the desired range and how to insure flight 
stability. Further developments pointed to a third challenge: How to control the exhaust 
gases so that they flow straight out of the rocket (Figure 17-3). Indeed, any sideway 
velocity component causes wasteful energy consumption not contributing to thrust. 
 

 

 
 
 
 
 
 
 
 
Figure 17-3.  Launch of the Falcon Heavy 
rocket by SpaceX in 2019. Note how the 
exhaust fumes form a straight cylinder with 
no perceptible divergence. (Photo credit: 
Charles W. Luzier, Thomson Reuters) 

 
 
17-2. Thrust 
 
 What propels a rocket is the reaction of the body to the expulsion of mass from 
the rear. The more mass is ejected and the faster it exits, the stronger the propulsive 
force, called thrust. Application of Newton’s Second Law provides the relationship 
between expulsion of mass in the rear and forward acceleration. For this consider a rocket 
over the course of a short time interval from time t to time t+�t (Figure 17-4). At time t, 
the rocket has a mass m + m and speed u. By time t+t, its speed has increased to u+u 

and its mass has been reduced to m following the ejection of mass m at relative ejection 
speed ue, from the rear. During this time interval, the rocket is also subjected to gravity 
and a drag force. Newton’s Second law states that the change of momentum divided by 
the time elapsed is the sum of forces. Keeping in mind that the absolute speed of the 

exhaust is u–ue and that the flight path may make an angle  from the vertical, we write: 
 

 
   ( ) ( ) ( )

cose
D

m u u m u u m m u
F mg

t


       
  


. (17-1) 
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Figure 17-4. Changes in a flying rocket over a short interval of time. 

 
 
Cancellation of several terms leads to: 
 

 cose
D

m u m u
F mg

t
 

  


.  

 

In the limit of a very short time interval, the ratio u/t becomes the forward acceleration 
du/dt whereas the rate of mass lost m/t becomes m , the (positive) rate of mass 
expulsion. The result is: 
 

 cose D

du
m mu F mg

dt
   . (17-2) 

 
The first term on the right, em u , is the thrust produced by the rocket engine. 

 
 To generate a strong thrust, a rocket engine must optimize the product em u , and 

this can be achieved by making either factor as large as possible. Maximizing the mass 
expulsion rate m  is actually a very bad idea because the more mass is ejected, the quicker 
the rocket loses its fuel, and it would have to take off with more fuel, which would make 
it heavier at the start, necessitating even more thrust and more fuel. Put another way, 
there is no escape from the mass conservation principle, and one should be very 
economical with the factor m . On the other hand, there is no conservation of speed to 
reckon with, as a high speed can be generated with the properly applied force. So, clearly, 
rocket engines must be designed in ways that create the largest possible gas exhaust 
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velocity ue. The larger it can be made, the stronger the thrust, and the least fuel is 
necessary. 
 
 If we neglect the gravitational and drag forces and thus consider a flying rocket 
that keeps on accelerating horizontally, we can calculate the maximum velocity it can 
acquire by the time it runs out of fuel. With rocket mass being lost at the rate 

/dm dt m   and no external forces, Equation (17-2) can be integrated over time starting 
from rest: 
 

 lne initial
final e

final

u mdu dm
u u

dt m dt m
    . (17-3) 

 
This equation is called the Tsiolkovsky rocket equation or the ideal rocket equation. It can 
be flipped to determine the amount of fuel necessary to get the rocket to reach a desired 
ultimate speed: 
 

  /fuel needed 1final eu u

initial final finalm m m e    , (17-4) 

 
in which mfinal includes the payload plus the empty tanks and rocket engine(s). 
 
 The speed needed to orbit a celestial body is given by5: 
 

 
2

0
orbit

g R
u

R H



, (17-5) 

 
in which g0 is the gravitational acceleration at ground level, R is the radius of the body, 
and H is the orbital altitude. Values of g0 and R are tabulated below for the earth, moon, 
Mars and Jupiter. 
 

Table 17-1.  Ground-level gravitational acceleration and planetary radius for several 
celestial bodies. 

 Earth Moon Mars Jupiter 

Ground-level gravitational 
acceleration 

9.81 m/s2 1.62 m/s2 3.71 m/s2 26.6 m/s2 

Radius 6,378 km 1,738 km 3,396 km 71,492 km 

 
Thus, to get into orbit around the earth at 320 km of altitude, a rocket needs to acquire a 
speed of 7,719 m/s (27,787 km/h or 17,270 mph). If the exhaust speed is 3,400 m/s, the 
ratio of fuel to full rocket mass at launch needs to be 0.90 (that is, 90% fuel, 10% 
everything else), a sizeable number, not counting the need to overcome the gravitational 
and drag forces on the way up. No wonder space rockets are mostly fuel tanks! 

 
5 www.grc.nasa.gov/WWW/K-12/rocket/corbit.html 
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17-3. The rocket engine 
 
 The rocket engine is deceptively simple, at least in its overall characteristics, for it 
is no more than a combustion chamber generating high pressure gases emptying through 
a nozzle followed by a diverging cone. Figure 17-5 shows the set of five engines used to 
propel the Saturn V rocket used by NASA for the Apollo missions (1961-1975). The 
purpose of the expanding cone is to accelerate the flow, something that is rather counter-
intuitive. To understand how expansion creates acceleration, we need to consider 
compressible flows, and it is not an exaggeration to say that rocket science is to a 
significant extent an application of compressible flows. 
 

 
Figure 17-5.  The set of five rocket engines of the first stage of NASA’s Saturn 
V rocket used by NASA during the Apollo lunar program. The throat of each 
engine is clearly visible in this photo. (Source: public domain) 

 
 The study of compressible flows begins with the energetics of gases. To the kinetic 
energy, potential energy and pressure energy that each play a role in the Bernoulli 
Principle [see Equation (4-6)], one needs to add the internal (thermal) energy, which per 
unit of mass is cvT, in which cv is the heat capacity of the gas (so-called at constant volume) 
and T is the absolute temperature. This simply states that the higher the temperature, 
the greater the amount or thermal energy is in the gas. (Skip or abbreviate the following 
if already included in Chapter 13.) The First Law of thermodynamics is the law of 
conservation of energy, which states that the internal energy of a substance (here a gas 
mixture) is increasing by addition of heat and decreasing by delivering mechanical work 
to the outside: 
 
 vm c dT dQ dW  , (17-6) 
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in which m is the mass of the substance, dQ the amount of heat (positive if received), and 
dW the amount of mechanical work done (positive if provided to the outside). For a gas, 
the work done, which is force times displacement, is the product of pressure by change 
in volume dW = pdV. In a rocket engine, the combustion provides an enormous amount 
of heat and thereby creates a mixture of gases with extremely high temperature, but then 
these gases pass rapidly through the nozzle, so fast that there is no time for further heat 
transfer (dQ ≈ 0). Thus in being funneled through the converging nozzle, passing through 
the throat and finally expanding through the cone, the gases are subjected only to a two-
way exchange between thermal-energy and mechanical work: 
 
 vmc dT pdV  . (17-7) 

 
 This relation can be further adapted to our present situation. First, the mixture of 
gases is at temperature so far above the condensation point of all its components that it 

may be well approximated as an ideal gas with equation of state p = RT , 
 
 pV mRT , (17-8) 

 
with R being a constant equal to the universal constant 8.314 J/(K·mole) divided by the 
molecular mass (kg/mole) of the particular gas mixture. Also, since density is mass per 

volume, it follows that V = m/. With these relations, Equation (17-7) for a fixed mass m 
of gases flowing along the x-axis starting at the exit of the combustion chamber and 
directed outward along the centerline of the engine is: 
 

 
1

v

dT d RT d
c R T

dx dx dx


 

 
    

 
, (17-9) 

 
after division by m and dx. 
 
 A separate statement is the force balance in the stream direction. With the flow 
regarded as mostly steady, unidirectional and frictionless, the pertinent momentum 
equation is (4-4a) reduced to: 
 

 
1du dp

u
dx dx

  . (17-10) 

 
Combining (17-9) with (17-10) we obtain after a little algebra a rather simple equation: 
 

 ( ) 0v

dT du
c R u

dx dx
   , (17-11) 

 
which can be readily integrated along the exit path of the gases: 
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 2
0

1
constant 

2p pc T u c T   , (17-12) 

 
after defining cp = cv + R, called the heat capacity at constant pressure (an awkward name 
since pressure is far from constant here).6 The factor T0 is called the stagnation 
temperature. It is a fictitious temperature that would only be realized if the gases were 
coming to a complete stop. In a rocket engine, it is well approximated with the temperature 
of the gases in the combustion chamber before they are accelerated out the rocket engine. 
The product cpT0 represent the amount of enthalpy per mass of fluid. Equation (17-12) 
constitutes the Bernoulli Principle applied to a steady, compressible and frictionless flow. 
 
 Taking stock of what we have, we note that we now have three equations, the 
equation of state (17-8), the momentum equation (17-10), and the Bernoulli Principle (17-
12) substituting for the energy balance. These govern four variables, the velocity u and the 
three thermodynamic variables pressure p, density  and absolute temperature T. Thus, we 
need one more equation. This is none other than mass conservation: 
 
 Au m   , (17-13) 
 
with A(x) being the variable cross-sectional area of the rocket engine, which we assume to 
be a known function, and m  the exit mass flowrate encountered in the previous section, a 
constant with respect to distance x. 
 
 The remainder of the analysis requires quite a bit of algebra, which we will only 
summarize. Upon eliminating the thermodynamic variables and substituting in the 
momentum balance (17-10), we obtain a single, differential equation for the velocity u(x) 
in relation to the variable cross-sectional area A(x), which may be cast compactly as: 
 

  2 1 1
1

du dA
Ma

u dx A dx
  . (17-14) 

 
Here, Ma is defined as 
 

 
u u

Ma
c RT

  . (17-15) 

 
and is called the Mach number, in credit to Ernst Mach (1838-1916), an Austrian physicist 
who studied shock waves (Section 17-4 below). It is the ratio of the fluid velocity u to the 
sound speed c, which is a function of the local absolute temperature. The factor  = cp/cv 
defined for convenience is a constant depending on the chemical composition of the 
exhaust. The preceding equations also lead to a relationship between pressure and density: 
 

 
6 Note that for a resting atmosphere, we have CpT + gz = constant. The only difference is the substitution 

of potential energy by kinetic energy. 
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1 dp d

p dx dx

 


  (17-16) 

 
which can be integrated to become 
 

 0

0

constant
pp

  
  , (17-17) 

 
in which p0 and 0 are the pressure and density that exist in the combustion chamber. 
 
 Equation (17-17) will be used later. For the moment, we pay attention to (17-14), 
in which we immediately note that the front parenthetical expression may be positive or 
negative depending on how the Mach number compares to one. It can only cross zero where 
the right-hand side, too, crosses zero, which can only occur at the throat (dA/dx = 0)7. In 
this case, the flow is sonic (u = c) right at the throat. It is subsonic (u < c) before the throat 
as it begins with little velocity in the combustion chamber and accelerates as approaching 
the throat (du/dx > 0, dA/dx < 0 for Ma < 1), and the flow is supersonic (u > c) on the other 
side of the throat where the nozzle diverges; the flow keeps on accelerating there (du/dx > 
0, dA/dx > 0 for Ma > 1), as indicated in Figure 17-6. The great benefit of the divergent 
cone is that the more it opens up, the greater the exhaust velocity becomes according to 
(17-14). As we learned in the previous section, the aim is to generate the highest possible 
exit speed, and this is why rocket engines have such large cones of expansion (recall Figure 
17-5). The longer and wider the expansion, the higher the exhaust speed, and the greater 
the thrust. 
 

 
7 There is also the possibility that du/dx vanishes where dA/dx does, but that case does not interest us here. 
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Figure 17-6.  Compressible flow 
through a convergent-divergent nozzle. 
The flow is said to be choked at the 
throat, which is the narrowest section of 
the nozzle. 

 
 That the sonic condition must occur at the throat causes a sort of strangulation of 
the flow, a situation called choking. We already encountered a similar situation in 
hydraulics (ex. flow over a high bump) and in home fluids (when pouring from a pitcher). 
There, the situation implicated a Froude number equal to 1. Here, it can be shown after 
some rather lengthy algebra that the mass flowrate that passes through the throat is given 
by 
 

 

1

2( 1)

min 0 0

2

1
m A RT




 



 

   
 , (17-18) 

 
which is directly proportional to the minimum cross-sectional area Amin at the throat. Thus, 
the throat cross-sectional area controls the amount of flow that can pass through the nozzle. 
The other important factors in (17-18) are 0 and T0, the stagnation density and temperature, 
closed to the conditions that exist upstream in the combustion chamber. So, the higher the 
compression and temperature there, the more exhaust can pass through, and the higher the 
thrust. 
 
 Another quantity that can be calculated from the preceding set of equations (after 
another round of tedious algebra) is the exhaust speed: 
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, (17-19) 

 
in which pe is the gas pressure at the nozzle’s exit. This exit pressure is not necessarily the 
ambient pressure that exists outside the nozzle, which would be the local atmospheric 
pressure or zero in space, and the difference between exhaust gas and ambient pressures is 
crucial. 
 
 Figure 17-7 shows how fumes exit the rocket engine depending on the pressure 
difference between them and the outside. 
 

 
Figure 17-7.  How to ensure that exhaust gases shoot straight out of the rocket engine to maximize 
thrust. Red dash lines indicate shock waves that cause a drop to subsonic conditions, contraction, 
and increased pressure. 
 
When the external pressure is lower than the nozzle exit pressure, the nozzle is said to be 
underexpanded; once out the nozzle, gases expand further, undergoing additional pressure 
reduction and acceleration. This additional acceleration taking place outside the engine 
does not contribute to thrust, but it could have if the nozzle had been better designed. When 
the pressure of exiting gases falls slightly below the external pressure, the nozzle is said to 
be overexpanded; the gases undergo one or several shock waves (see section on sonic boom 
below), causing pressure increases and contraction of the exhaust plume. When the exit 
pressure falls significantly below the external pressure, the outside atmosphere presses 
inside the rocket engine, and the fumes undergo premature shock waves that reduce the 
thrust and produce instabilities that can cause the rocket to veer off course. 
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 The ideal situation is the intermediate case when exhaust gas pressure and external 
pressure are equal to each other. The exhaust gases then flow straight out, imparting 
maximum thrust to the rocket. In practice, because the external pressure varies with height, 
nozzles are often overexpanded at low altitudes and underexpanded at very high altitudes, 
giving a “sweet spot” during its journey where it operates at the best possible efficiency. 
 
 
17-4. Sonic boom 
 
 Like supercritical flows in hydraulics that revert easily to a subcritical state by 
means of hydraulic jumps, supersonic flows have a tendency to go through a shock wave 
and emerge on the other side as subsonic flows. In both cases, the new state is one of lower 
energy. The sonic boom is the loud bang associated with the shock wave. It is indeed a 
noisy affair as the excess energy is converted into dissonant sound waves (Figure 17-8). 
 

 

 
 
 
Figure 17-8.  A Super Hornet military 
fighter jet creating a shock wave, 
which is audible and also made visible 
by water condensation. The shock 
wave is not the whole cloud but only 
its outer conical surface. (Source: 
Christopher Pasatieri, Reuters) 
 

 
 
 A shock wave is very abrupt and can be modeled as a flow discontinuity. Figure 
17-9 depicts the situation of a normal wave where the discontinuity is oriented 
perpendicular to the flow, with variables denoted by subscript 1 upstream and subscript 2 
downstream of the shock. The four variables on the downstream side can be calculated 
from the values upstream by invoking the ideal-gas law (17-8), mass flow conservation 
(17-13), the first law of thermodynamics with no heat transfer expressed as (17-12), and 
lastly a momentum balance. 
 

 
 
 
 
Figure 17-9.  Change of 
properties in a compressible 
flow across a normal shock 
wave. 
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 Newton’s Law remains applicable, and we can state that the exiting momentum is 
equal to the entering momentum plus the pushing upstream pressure force minus the 
opposing downstream pressure. On a per unit cross-sectional area, this statement is: 
 

 2 2
2 2 1 1 1 2u u p p    . (17-20) 

 
That gives the 4th and last equation. Solving these equations for the downstream variables 
in terms of the upstream variables and a copious amount of algebra give us: 
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Thus, we see that past the shock wave the flow is subsonic and all three of its 
thermodynamic variables have increased. Only the velocity has decreased. 
 
 Shock waves are possible wherever the flow is supersonic, and in a convergent-
divergent nozzle they can occur any place past the throat. A shock wave inside the 
diverging section of the nozzle (case c in Figure 17-10) is highly undesirable for it reverts 
the flow to subsonic conditions, and the thrust is far less than what it should be. Other 
cases; oblique shocks; diamond shock waves (other cases in Figure 17-10). 
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Figure 17-10.  Possible shock waves inside and outside a convergent-divergent nozzle: 
(a) with insufficient pressure in combustion chamber, the flow never becomes 
supersonic; (b) critical combustion chamber pressure at which choking begins; (c) flow 
becomes supersonic but reverts to subsonic condition through a normal shock before 
the exit; (d) flow is supersonic throughout the nozzle and undergoes a normal shock 
at the exit; (e) flow remains supersonic for some distance from the exit and then 
undergoes a series of oblique shocks; (f) ideal choked flow with no shocks. 

 
 
Multiple shock waves in diamond pattern (Figure 17-11). 
 

 
Figure 17-11.  Series of oblique shock waves forming diamonds in the 
exhaust of an F-16 fighter jet during takeoff. (Source: mrreid.org) 

 
 
Analogy with the party balloon let loose. There is noise and flutter at the opening, and 
the outflow produce a thrust. Flight is not stable, which brings us to the flight stability 
question. 
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17-5. Rocket stability 
 
 A rocket is expected to fly straight ahead, but this is not guaranteed as the thrust 
gives a push from the rear (as opposed to a pull from the front), and there is a chance that 
the rocket might wobble and embark on an unpredictable trajectory, as depicted in Figure 
17-12. Thus, we need to ensure flight stability, and this brings to consider the various 
forces acting upon a rocket to see under which condition a force might cause it to turn. 
 
 

 
 
 
 
 
 
 
 
 
Figure 17-12.  An example of an unstable 
rocket flight. The rocket was a small amateur 
rocket. (Source: Posting on Flickr by Steve 
Jurvetson) 

 
 

 Figure 17-13 depicts a rocket when it flies sideways, at an angle  from its line of 
symmetry. As any unattached solid body, if the rocket turns, it turns around its center of 
gravity (CG), the position of which depends on the weight distribution along its body, for 
example whether there is a heavy payload on top and how much fuel remains in the tank 
below. By contrast, the lift and drag forces caused by the movement in the atmosphere 
depend only on the body shape and are thus not necessarily centered at the center of 
gravity but at a point somewhere else along the axis of symmetry called the center of 
forces (CF). Figure 17-13a depicts the case when the center of forces lies below the center 
of gravity. In this case, both lift and drag exert a torque around the center of gravity that 
acts to turn the rocket back so that its axis of symmetry will then to coincide with the 

flight direction. It is left to the reader to see that this remains the case if the off-angle  
is on the other side of the flight direction: the drag is still downward, but the lift switches 
direction, causing again a restoring torque. 
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Figure 17-13.  Forces on a flying rocket 
that flies at an off-angle � from its axis of 
symmetry and the relative positions of 
the center of gravity (CG) and center of 
forces (CF). The drag and lift forces 
generate a restoring torque if the center 
of forces lies below the center of gravity 
(left panel) and a destabilizing torque 
otherwise (right panel). In either case, 
the thrust causes no torque as it is 
aligned with the axis of symmetry. 

 
 The situation differs when the center of forces (CF) is situated above the center of 
gravity (CG), as depicted in the right panel of Figure 17-13. The lift and drag then exert a 
torque that makes the rocket tilt further away from its flight direction. The wobble is 
exacerbated, and the rocket flight is unstable. 
 
 Thus, to ensure that the rocket flies straight out, we need to guarantee that its 
center of gravity lies above the center of forces. There are several ways to accomplish 
this. One way is to place more of the mass at the tip of the rocket, thus lifting the center 
of gravity. The other way is to bring downward the center of forces by placing fins around 
the rocket’s tail. Such fins add little drag when the rocket flies straight out but do generate 
strong drag as soon as the rocket deviates slightly from a straight trajectory. By being 
close to the tail, fins guarantee that the center of forces will be low. In no case does the 
thrust exert any torque since it is perfectly aligned with the axis of symmetry of the rocket, 
a condition that might not be evident if there are multiple rocket engines at the bottom 
(as in Figure 17-5). 
 
 
Thought problems 
 
17-T-1.  Question 
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17-T-2.  Question 
 
17-T-3.  Observe how the wildly unstable rocket pictured in Figure 17-12 eventually began 

to fly straight, albeit downward. What may have caused the end of the instability? 
 
 
Quantitative Exercises 
 
17-Q-1.  A calculation of fuel mass needed to achieve a certain orbital speed. 
 
17-Q-2.  What is the torque generated by the jets of a lawn sprinkler? For the calculation, 

use the following numbers: 3 arms, each directed at 45o outward from the azimuthal 
(circle) direction, exit nozzles of 5-mm diameter at radius from center of 9 cm, and 
home water pressure of 380,000 Pa gage (55 psi). Neglect frictional losses in the garden 
hose and sprinkler. 

 
17-Q-3.  SpaceX is operating a rocket called Falcon Heavy, which has the following 
characteristics: 
 Weight of fully loaded rocket = 1,420,800 kg 
  of which 940,200 kg is propellant (i.e. fuel) 
 27 engines that together produce 22.819 x 106 N of thrust 
  divided as mass flowrate of 6,686 kg/s at speed of 3.413 m/s. 
Consider its initial straight-up flight with negligible drag force governed by the following 
equation for the vertical velocity w: 
 

 ( )e
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m mu mg z

dt
  , 

2
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g z g
R z
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, g0 = 9.81 m/s2, R = 6,378 km. 

 
(a) (2 points) What is the vertical acceleration at take-off? How many times gravity is this? 
(b) (8 points) If the full thrust were maintained until depletion of the propellant, how high 

would the rocket be at that moment and with which vertical velocity? To solve this, 
construct an excel spreadsheet that calculates the altitude z, vertical velocity w, 
current weight m, and remaining fuel of the rocket every 3 seconds. 

 
17-Q-4.  Show from Equation (17-21a) that the downstream flow is always subsonic so 

long as the upstream flow is supersonic. 
 
 


