the end of the barrel, the monkey drops from the tree
toward the ground. The bullet will:

A. pass over the monkey’s head.

B. hit the monkey.

C. pass below the monkey.

5. A rider on a galloping horse holds a heavy ball out to his
side and drops it. The ball will hit the ground:

A. immediately below the point where it was dropped.
B. immediately below the point the horse and rider are
when the ball reaches the ground.

C. some position other than A or B. Please specify.

6. A boat is sailing rapidly along the surface of a smooth
lake. A heavy ball is dropped from the top of a high mast.
The ball will fall and
A. strike the deck at the foot of the mast.

B. strike the deck behind the foot of the mast depending
on the speed of the boat.

C. strike the deck in front of the mast depending on the
speed of the boat.
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This paper explores the interesting problem of projectile motion without the vacuum idealization.
Particular attention is paid to golf ball trajectories with and without lift. No lift trajectories with
linear and quadratic drag are considered first. Then, trajectories with lift and linear drag are
investigated. Projection angles for maximum range are determined for all these cases. Computer
solutions are used throughout, with a Runge-Kutta routine used for all cases except for the well-
known closed solution for the no lift, linear drag projectile.

1. INTRODUCTION

One of the interesting questions which is usually left un-
answered in introductory or intermediate mechanics
courses' is “What angle do you need for maximum projec-
tile range if you are not in vacuum?” Virtually everybody
has had the experience of hitting a golf ball, or a baseball, or
throwing a football, and there is a natural curiosity about
how to project a ball in air in order to achieve maximum
range.

Three previous papers in this Journal have addressed the
problem of the projection angle for maximum range for the
shot put,? the discus,’ and for round pebbles or stones.* In
the case of the shot put the air resistance has little effect on
the range, whereas in our analyses the drag is always a
significant factor. In the case of the discus analysis, the
author assumes quadratic drag and lift forces, whereas our
analysis of the golf ball problem uses linear drag and lift
forces. The discus paper also has the effect of wind as a
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major factor, in our paper we assume no wind. It is interest-
ing to note that the optimum projection angles for the qua-
dratic drag golf ball with no lift found in this paper (38° and
35°) are similar to the optimum discus projection angles
found by Frohlich? (33° to 39°) for no wind conditions. The
paper on throwing pebbles assumes a quadratic drag force
and no lift.

The author’s interest in these matters was all the greater
because he has been an avid golfer for a long time. The large
discrepancy between the approximately 11 deg of loft for
the golf driver club and the 45 deg maximum range angle
for a vacuum was the motivation to begin a study of the
question of maximum projectile range in the presence of air
resistance, with particular application to the flight of a golf
ball.

Of course, the first question which should be addressed is
the nature of the resisting, or drag force. There was evi-
dence in the literature’ that the drag force on a golf ball is
linear. This case is well known and can be solved exactly if
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