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Abstract

Shows by means of high-speed motion pictures that the breakup of a jet passes successively
through three phases (breakup according to Rayleigh — breakup according to Weber-Haenlein
— atomization), and that the transition from one phase to the next occurs at increasing higher
Reynolds No’s. as a function of a dimensionless term, containing viscosity, surface tension,
density, and orifice diameter Z = η/

√
σρd where η is the absolute viscosity, σ is the surface

tension, ρ is the density and d is the orifice diameter.1
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The p. 355various types of drop formation in the disintegration of liquid jets injected into the
atmosphere, which emerge partly under gravity, partly under pressure, have been recorded by
means of a high-frequency cinematographic apparatus. As the speed is increased, four cases are
distinguished Check:

0) Slow dripping from the nozzle under gravity without jet formation,
I) Breakup of a cylindrical jet through by axisymmetric surface perturbations (according to

Rayleigh),
II) Breakup by screw-symmetric perturbations of the jet (wavy breakup according to Weber and

Haenlein),
III) Atomization of the jet.
The p. 356attached table provides information about the magnitude of the involved forces, in which the

capillary forces are taken as one:

process inertial
forces

gravitational
forces

capillary
forces

direct
effect of
viscosity

indirect
effect of
viscosity

Case 0 → 0 significant 1 → 0 0
Case I moderate very low 1 very low → 0
Case II increasing ∼ 0 1 significant moderate
Case III very strong → 0 1 strong significant

As the speed of drop formation increases, both inertial and viscous forces gain in influence as
gravitational forces decrease. The indirect effect of viscosity means vortex shedding by internal
viscosity.

The theoretical explanation of the low-speed drop formation and the jet breakup through the
effect of axisymmetric oscillations goes back to Rayleigh, who bases his theory on the assumption
of inviscid liquids and potential flow, thus taking gravity and capillarity into account. We owe a
refinement of the theory by considering the efforts of C. Weber2. The mathematical treatment of
dynamic processes presents insurmountable difficulties. For the general equations of motion of
Navier-Stokes for viscous fluids, there are no exact solutions today, as long as inertia and viscosity
interact in approximately the same order of magnitude. In such cases, the laws of mechanical
similarity provide reliable information, in particular for the evaluation and processing of the necessary
tests.

2ZAMM 11 (1931), p. 136. Translator’s note: English translation available as: C. Weber. Breakup of a Liquid Jet.
Ed. by B. Trettel. Trans. by C. H. Hutchinson, W. J. Love, and The Technical Library Research Service. Oct. 20, 2019.
DOI: 10.26153/tsw/3371.
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Figure 1: Presentation of the test results in the graph Z = Z(Re). The breakup of the jet takes place
in one of the three characteristic forms within the regions I, II or III.
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For the static case 0, the dimensionless identifier r/a is significant, where r is the radius of the
nozzle bore and a is the “Laplace constant” calculated from the material values σ and density ρ:

a =
√

σ

ρg
. The static meridian curve of the axisymmetric droplet can be calculated by numerical

integration and thus the weight of the falling droplet can be determined with a large approximation Check
within the practically important range 0.01 < r/a < 1.0.

In the case of jet breakup and atomization, Weber’s similarity law of capillarity and Reynolds’
similarity law of viscosity are taken into account, while the Froudean law is meaningless. At different
density of the surrounding medium, Reynolds’ law must be fulfilled for the external medium. The
realization of Weber’s and Reynolds’ law both succeeds in our case, because on the one hand the two
numbers have similar structure as power laws Check, on the other hand the capillarity of the liquids varies
only within relatively narrow limits p. 358. For the interaction of both laws we form a new dimensionless
index by eliminating the velocity

Z =
η√
σρd

,

in which all the characteristic material coefficients are: surface tension σ, density ρ, absolute
viscosity η, and the diameter d of the nozzle bore, which we use as a function of the Reynolds
number Re using the test results (figure 1). In the graph Z = Z(Re), each liquid, with the nozzle
diameter held constant, corresponds to a straight line parallel to the abscissa. The type of jet breakup
identified by the Reynolds number is then assigned a particular point on the line Z = constant. The
experiments show that the regions of processes I, II, and II are separated by straight lines, which
denote power laws. Region I is in the range of small Reynolds numbers, especially for liquids with
high internal viscosity.

Process II takes place after a critical area has been exceeded for all the fluids examined within a
relatively narrow range. The atomization process III starts suddenly. The jet shows a smooth surface
in the immediate vicinity of the nozzle outlet with axisymmetric swellings, which degenerate into
helical transverse displacements of increasing amplitude. In the bent out parts, intermediate droplets
form, and finally the jet shatters completely. CheckWith only slightly increased Reynolds numbers, the
atomizing cone jumps back to the nozzle outlet.

The cinematographic recordings with frequencies between 200 and 12,000 pictures per second
have been made in the Institute for Technical Flow Research, headed by Prof. Föttinger, at the
Technical University of Berlin, with the high-speed camera Checkdeveloped there.
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(a) Breakup of a cylindrical
jet through the effect of of ax-
isymmetric vibrations (water).
Re = 1000. Frame rate: 650
sec−1.

(b) Jet breakup through the
effect of screw-symmetric vi-
brations (water). Re = 9800.
Frame rate: 1600 sec−1.

(c) Start of jet atomization (ani-
line). Re = 6200. Frame rate:
4200 sec−1.

Figure 2
p. 357
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\typeout{$HeadURL: svn+ssh://ben@trettel.net/home/svn/notes/computer-setup/headers/math-macros.tex $}

% for ensemble averages
% TODO: Convert to \DeclarePairedDelimiter?
\newcommand{\avg}[1]{\left\langle #1 \right\rangle}
\newcommand{\savg}[1]{\langle #1 \rangle}
% https://tex.stackexchange.com/q/448/9945
\newcommand{\cavg}[2]{\left\langle #1 \ \middle|\ #2 \right\rangle}
% https://tex.stackexchange.com/q/187162/9945
\newcommand{\scavg}[2]{\langle #1 \mid #2 \rangle}

% for thermodynamic partial derivatives
\newcommand{\dpdc}[3]{\left(\dpd{#1}{#2}\right)_{#3}}

% for material derivatives
\newcommand{\D}[2]{\frac{\Dif\kern1pt#1}{\Dif\kern1pt#2}}

% inline derivatives
\newcommand{\ipd}[2]{\partial\kern1pt#1 / \partial\kern1pt#2}
\newcommand{\iod}[2]{\dif\kern1pt#1 / \dif\kern1pt#2}
\newcommand{\iosecd}[2]{\dif^{\kern2pt 2}\kern-2pt#1 / \dif\kern1pt#2^2}

% make \e be the same as \cdot 10^
\providecommand{\e}[1]{\ensuremath{\cdot 10^{#1}}}

% new math operators
\DeclareMathOperator{\sgn}{sgn}
\newcommand{\vectornorm}[1]{\left|\left|\mathrmbf{#1}\right|\right|}
\DeclareMathOperator{\atan}{atan}
\DeclareMathOperator{\erf}{erf}
\DeclareMathOperator{\erfinv}{erfinv}
\DeclareMathOperator{\LambertW}{W}
\newcommand{\mytilde}{~\raise.17ex\hbox{$\scriptstyle\mathtt{\sim}$}~}
\newcommand{\Order}[1]{\ensuremath{\mathcal{O}\left(#1\right)}}
\newcommand{\sOrder}[1]{\ensuremath{\mathcal{O}(#1)}}
%\DeclarePairedDelimiter\abs{\lvert}{\rvert}% https://tex.stackexchange.com/a/43009/9945

\newcommand{\Bo}{\mathrm{Bo}}
\newcommand{\Ec}{\mathrm{Ec}}
\newcommand{\Fr}{\mathrm{Fr}}
\newcommand{\Oh}{\mathrm{Oh}}
\newcommand{\Pe}{\mathrm{Pe}}
\renewcommand{\Pr}{\mathrm{Pr}}
\newcommand{\Real}{\Re~}
\renewcommand{\Re}{\mathrm{Re}}
\newcommand{\Tu}{\mathrm{Tu}}
\newcommand{\We}{\mathrm{We}}
\newcommand{\Ma}{\mathrm{Ma}}

\newcommand{\Tubar}{\overline{\Tu}}
\newcommand{\Lambdabar}{\overline{\Lambda}}
\newcommand{\Ubar}{\overline{U}}
\newcommand{\kbar}{\overline{k}}
\newcommand{\ebar}{\overline{ee}}

%\newcommand{\Unet}{\mathcal{U}}
\newcommand{\Unet}{U_\text{net}}

\newcommand{\Relo}{\Re_{\ell0}}
\newcommand{\Welo}{\We_{\ell0}}
\newcommand{\Wego}{\We_{\text{g}0}}
\newcommand{\Ohlo}{\Oh_{\ell0}}
\newcommand{\Welocrit}{\We_{\ell0,\text{crit}}}
\newcommand{\Wegocrit}{\We_{\text{g}0,\text{crit}}}
\newcommand{\Relocrit}{\Re_{\ell0,\text{crit}}}
\newcommand{\Reloturb}{\Re_{\ell0,\text{turb}}}
\newcommand{\Welocritinfty}{\We_{\ell0,\text{crit},\infty}}
\newcommand{\rhol}{\rho_{\ell}}
\newcommand{\rhog}{\rho_\text{g}}
\newcommand{\nul}{\nu_{\ell}}
\newcommand{\nug}{\nu_\text{g}}
\newcommand{\mul}{\mu_{\ell}}
\newcommand{\mug}{\mu_\text{g}}
\newcommand{\Prl}{\Pr_\ell}
% also need to change trajectory and jet breakup scripts when changing these
% 2018-11-30: search for _\text{l

\newcommand{\xbavg}{\savg{x_\text{b}}}
\newcommand{\tbavg}{\savg{t_\text{b}}}
\newcommand{\sigmaxb}{\sigma_{x_\text{b}}}
\newcommand{\xiavg}{\savg{x_\text{i}}}
\newcommand{\thetai}{\theta_\text{i}}
\newcommand{\udavg}{\savg{u_\text{d}}}
\newcommand{\vdavg}{\savg{v_\text{d}}}
\newcommand{\Dmax}{D_\text{max}}
\newcommand{\Rmax}{R_\text{max}}
\newcommand{\hmax}{h_\text{max}}
\newcommand{\etamax}{\eta_\text{max}}
\newcommand{\etahmax}{\eta_{h,\text{max}}}
\newcommand{\Frh}{\Fr_{h_0}}
\newcommand{\Xb}{X_\text{b}}
\newcommand{\Yb}{Y_\text{b}}
\newcommand{\Ub}{U_\text{b}}
\newcommand{\Ubvec}{\vec{U}_\text{b}}
\newcommand{\Vb}{V_\text{b}}
\newcommand{\Ud}{U_\text{d}}
\newcommand{\Udvec}{\vec{U}_\text{d}}
\newcommand{\Vd}{V_\text{d}}
\newcommand{\Xd}{X_\text{d}}
\newcommand{\Xdvec}{\vec{X}_\text{d}}
\newcommand{\Yd}{Y_\text{d}}
\newcommand{\Ugvec}{\vec{U}_\text{g}}
\newcommand{\Vg}{V_\text{g}}
\newcommand{\Uj}{U_\text{j}}
\newcommand{\Vj}{V_\text{j}}
\newcommand{\Xj}{X_\text{j}}
\newcommand{\Yj}{Y_\text{j}}
\newcommand{\Ad}{A_\text{d}}
\newcommand{\mdrop}{m_\text{d}}
\newcommand{\Cd}{C_\text{d}}
\newcommand{\taumax}{\tau_\text{max}}
% TODO: tan theta_i/2
% TODO: x_\text{b}
% TODO: x_\text{i}
% TODO: \overline{\varepsilon}

\newcommand{\uprime}{{u^\prime}}
\newcommand{\vprime}{{v^\prime}}
\newcommand{\wprime}{{w^\prime}}
\newcommand{\uprimesub}[1]{u^\prime_{#1}}
\newcommand{\vprimesub}[1]{v^\prime_{#1}}
\newcommand{\uprimebar}[1]{\overline{\uprimesub{#1}}}
\newcommand{\uprimebarno}[1]{\overline{\uprime}}
\newcommand{\vprimebar}[1]{\overline{\vprimesub{#1}}}
\newcommand{\vprimebarno}{\overline{\vprime}}
\newcommand{\Tuexp}[1]{\Tu_0^{#1}}
\newcommand{\Tubarexp}[1]{\Tubar_0^{\kern1.0pt #1}}
\newcommand{\mdotp}{\dot{m}^{\prime}}
\newcommand{\mdotpp}{\dot{m}^{\prime\prime}}
\newcommand{\avgmdotpp}{\savg{\mdotpp}}

% https://tex.stackexchange.com/a/69017
\makeatletter
\DeclareRobustCommand{\Vol}{\text{\volumedash}V}
\newcommand{\volumedash}{%
  \makebox[0pt][l]{%
    \ooalign{\hfil\hphantom{$\m@th V$}\hfil\cr\kern0.08em--\hfil\cr}%
  }%
}
\makeatother
%\newcommand{\Vol}{\rotatebox[origin=c]{180}{\ensuremath{A}}}
\newcommand{\Volsub}{\Vol}
\newcommand{\Volsubsub}{\Vol}

% very large manually set bracket size
% https://tex.stackexchange.com/a/6796
\makeatletter
\newcommand{\vast}{\bBigg@{3}}
\newcommand{\Vast}{\bBigg@{4}}
\makeatother

% stacked text for underbraces
\newcommand{\ubtext}[2]{\stackrel{\text{\scriptsize#1}}{\text{\scriptsize#2}}}

% approximately proportional to symbol
% from https://tex.stackexchange.com/questions/33538/how-to-get-an-approximately-proportional-to-symbol
\newcommand{\appropto}{\mathrel{\vcenter{
  \offinterlineskip\halign{\hfil$##$\cr
    \propto\cr\noalign{\kern2pt}\sim\cr\noalign{\kern-2pt}}}}}

\newcommand*{\cancelzero}[1]{\cancelto{\scriptstyle 0}{#1}}

%% closed square, cube, etc., roots
%% https://tex.stackexchange.com/questions/29834/closed-square-root-symbo
%\let\oldsqrt\sqrt
%% it defines the new \sqrt in terms of the old one
%\def\sqrt{\mathpalette\DHLhksqrt}
%\def\DHLhksqrt#1#2{%
%\setbox0=\hbox{$#1\oldsqrt{#2\,}$}\dimen0=\ht0
%\advance\dimen0-0.2\ht0
%\setbox2=\hbox{\vrule height\ht0 depth -\dimen0}%
%{\box0\lower0.4pt\box2}}

% These are environments for equation, equation*, align, and align* that have not yet been checked by DOUBTS. These will return a warning unless changed to their corresponding real environment.
\newenvironment{uncheckedequation}
{\begin{equation}}
{\end{equation}\PackageWarning{DOUBTS}{Check with DOUBTS.}}

\newenvironment{uncheckedequation*}
{\begin{equation*}}
{\end{equation}\PackageWarning{DOUBTS}{Check with DOUBTS.}}

\newenvironment{uncheckedalign}
{\begin{align}}
{\end{align}\PackageWarning{DOUBTS}{Check with DOUBTS.}}

\newenvironment{uncheckedalign*}
{\begin{align*}}
{\end{align*}\PackageWarning{DOUBTS}{Check with DOUBTS.}}

\newcommand*{\tripleprime}{\prime\prime\prime}



\typeout{$HeadURL: svn+ssh://ben@trettel.net/home/svn/notes/computer-setup/headers/misc-macros.tex $}

% For type checking.
% https://texfaq.org/FAQ-isitanum
\def\IsPositive#1{%
  TT\fi%
  \ifcat_\ifnum0<0#1 _\else A\fi%
}
\newcommand*{\RequirePosInt}[1]{%
   \if\IsPositive{#1}%
      \typeout{Is positive integer: #1}%
   \else%
      \PackageError{requireinteger}{Positive integer expected: #1}{}%
   \fi%
}

\newcommand{\codesnipplet}[1]{\texttt{#1}}

% https://blog.roland-kluge.de/?p=720
% https://github.com/GNUAspell/aspell/issues/305
% Don't check a section with aspell.
\newcommand{\aspellNoCheck}[1]{#1}
\newcommand{\aspellNoCheckInput}[1]{\input{#1}}



\typeout{$HeadURL: svn+ssh://ben@trettel.net/home/svn/notes/computer-setup/headers/header.tex $}

\usepackage{amsbsy} % Adds \boldsymbol to make Greek letters bold in math mode
\usepackage{mathtools} % Improvements to amsmath, which it also loads.
\usepackage{amssymb}
\usepackage[affil-it]{authblk}
\usepackage[backref=true,natbib=true,style=alphabetic,backend=biber,giveninits=true,maxcitenames=3,maxbibnames=99]{biblatex} % was style=numeric-comp, but changed due to:
% https://dblab.cs.toronto.edu/~miller/Research/writing.html
% > Unless required by the restrictions of a journal or conference, use more than cryptic numbers for citations. It is hard for a reader to remember the meaning of Reference 42. This forces her to repeatedly look this up as she is reading. If you use the more common convention of author initials and year (e.g., [AO72]), it is much easier to remember common references.
\usepackage{cancel}
\usepackage{caption} % https://tex.stackexchange.com/a/17726/9945
\usepackage{color}
\usepackage{commath} % https://nickhigham.wordpress.com/2016/01/28/typesetting-mathematics-according-to-the-iso-standard/#comment-3038
\usepackage[inline,shortlabels]{enumitem} % https://tex.stackexchange.com/a/173851/9945
%\usepackage{fixltx2e} % not needed in TeX Live 2015 and later.
% https://tex.stackexchange.com/a/413046
\ifluatex 
   \typeout{LuaTeX detected}
   \usepackage{fontspec}
\else
   \typeout{pdfTeX detected}
   \usepackage[utf8]{inputenc}
   \usepackage[T1]{fontenc}
\fi
\usepackage[letterpaper]{geometry}
\usepackage{graphicx}
\usepackage{isomath} % https://tex.stackexchange.com/a/19276/9945

%\usepackage{lmodern} % For Computer Modern. https://tex.stackexchange.com/a/58088/9945 / http://www.tex.ac.uk/FAQ-uselmfonts.html
% Also see: https://tex.stackexchange.com/questions/309385/is-there-any-way-for-latex-to-provide-a-file-context-for-better-log-messages#comment751590_309391

% URW Nimbus Roman
% http://www.tug.dk/FontCatalogue/newtx/
\ifluatex
   \usepackage{newtxmath}
   \setmainfont{TeX Gyre Termes}
   
   % https://md.ekstrandom.net/blog/2014/07/tex-modern-fonts
   % set up Termes (Times) and its companion math font
   %\setmainfont[Ligatures=TeX,
   %Extension=.otf,
   %BoldFont=*-bold,
   %UprightFont=*-regular,
   %ItalicFont=*-italic,
   %BoldItalicFont=*-bolditalic,
   %SmallCapsFeatures={Letters=SmallCaps}]{texgyretermes}
   %\setmathfont[Ligatures=TeX]{texgyretermes-math.otf}
   
   % https://texfaq.org/FAQ-otf-maths
\else
   \usepackage{newtxtext,newtxmath} % https://ctan.org/pkg/newtx (2017, no font errors)
\fi

%\usepackage{anyfontsize} % https://tex.stackexchange.com/a/328322/9945; but also see https://tex.stackexchange.com/a/309391
\usepackage[all,error]{onlyamsmath}
%\usepackage{parskip}
\usepackage[norefs,ignoreunlbld]{refcheck} % refs part doesn't work with biblatex
%\usepackage{rotating}
\usepackage{setspace} % needs to be loaded before hyperref
\usepackage{siunitx}
\usepackage{strict} % http://texd.cvs.sourceforge.net/viewvc/texd/latex/sty/strict.sty?view=log
\usepackage{xpatch}

% checks references
%\usepackage{refcheck} % must be loaded after ams packages and hyperref
% TODO: Fix this so that it works with your reference shortcuts.

% load microtype
% needs to load after fonts
% https://tex.stackexchange.com/a/586
\usepackage{microtype}

\usepackage{tikz,tikz-3dplot,pgfplots}
\pgfplotsset{compat=1.16} % https://tex.stackexchange.com/a/81912
\usetikzlibrary{arrows}

\usepackage{hyperref}
% The following metadata will show up in the PDF properties
\hypersetup{
  colorlinks  = false,
  urlcolor    = black,
  pdfauthor   = {\name},
  pdfkeywords = {\keywords},
  pdftitle    = {\doctitle},
  pdfsubject  = {},
  pdfpagemode = UseNone
}

% https://www.semipol.de/2018/06/12/latex-best-practices.html#hyperlinks-to-floats-and-not-their-captions
\usepackage{hypcap} % load after hyperref

\input{/home/ben/notes/computer-setup/headers/macros.tex}

%% Make refcheck work with the special reference commands I defined in the macros file.
%% https://tex.stackexchange.com/questions/87610/making-refcheck-work-with-cleveref
%\makeatletter
%\newcommand{\refcheckize}[1]{%
  %\expandafter\let\csname @@\string#1\endcsname#1%
  %\expandafter\DeclareRobustCommand\csname relax\string#1\endcsname[1]{%
    %\csname @@\string#1\endcsname{##1}\@for\@temp:=##1\do{\wrtusdrf{\@temp}}}%
  %\expandafter\let\expandafter#1\csname relax\string#1\endcsname
%}
%\newcommand{\refcheckizetwo}[1]{%
  %\expandafter\let\csname @@\string#1\endcsname#1%
  %\expandafter\DeclareRobustCommand\csname relax\string#1\endcsname[2]{%
    %\csname @@\string#1\endcsname{##1}{##2}\wrtusdrf{##1}\wrtusdrf{##2}}%
  %\expandafter\let\expandafter#1\csname relax\string#1\endcsname
%}
%\makeatother

%\refcheckize{\ref}
%\refcheckize{\eqref}
%\refcheckize{\Eqref}
%\refcheckizetwo{\eqsref}
%\refcheckizetwo{\Eqsref}
%\refcheckizetwo{\eqssref}
%\refcheckizetwo{\Eqssref}
%\refcheckizetwo{\eqsthref}
%\refcheckize{\figref}
%\refcheckize{\Figref}
%\refcheckizetwo{\figsref}
%\refcheckizetwo{\Figsref}
%\refcheckizetwo{\figsthref}
%\refcheckizetwo{\Figsthref}
%\refcheckize{\tabref}
%\refcheckize{\Tabref}
%\refcheckizetwo{\tabsref}
%\refcheckizetwo{\Tabsref}
%\refcheckize{\secref}

% make description environment not use bold letters
% http://www.latex-community.org/forum/viewtopic.php?f=44&t=4204
\renewcommand*\descriptionlabel[1]{\hspace\labelsep\normalfont #1}

% Don't use DOI if URL is present
% http://tex.stackexchange.com/a/154872
%\renewbibmacro*{doi+eprint+url}{%
  %\iftoggle{bbx:doi}
    %{\iffieldundef{url}{\printfield{doi}}{}}
    %{}%
  %\newunit\newblock
  %\iftoggle{bbx:eprint}
    %{\usebibmacro{eprint}}
    %{}%
  %\newunit\newblock
  %\iftoggle{bbx:url}
    %{\usebibmacro{url+urldate}}
    %{}}

% WONT: Figure out how to make abstract of your standard LaTeX documents look like that of KediaBluffBlowoff.pdf, etc.

% https://tex.stackexchange.com/a/219261
% https://tex.stackexchange.com/questions/151583/how-to-adjust-the-width-of-abstract
%\renewenvironment{abstract}
%{\noindent \rule{\linewidth}{.5pt}\vspace{-0.5em}\par{\noindent \bfseries \abstractname}
%\list{}{%
%\setlength{\leftmargin}{0pt}%
%\setlength{\rightmargin}{\leftmargin}%
%}%
%\item\relax
%}
%{\medskip\noindent
%\endlist
%\vspace{-2.5em}\rule{\linewidth}{.5pt}\vspace{-10em}
%}

% Remove "In:" from the bibliography
% https://tex.stackexchange.com/a/10686
\renewbibmacro{in:}{}

% Change issue number to be in parentheses
% https://tex.stackexchange.com/a/97729
\xpatchbibmacro{volume+number+eid}{%
  \setunit*{\adddot}%
}{%
}{}{}
\DeclareFieldFormat[article]{number}{\mkbibparens{#1}}

% Put URLs and DOIs in same font as remainder of text
% https://tex.stackexchange.com/q/151110
%\urlstyle{same}
\DeclareFieldFormat{url}{URL: \url{#1}}
\DeclareFieldFormat{doi}{\DOI{#1}}

% Change ISSN from small caps and add WorldCat link
%\DeclareFieldFormat{issn}{ISSN: \href{http://www.worldcat.org/issn/#1}{#1}}
%\DeclareFieldFormat{issn}{ISSN: \href{http://www.worldcat.org/search?q=n2\%3A#1}{#1}}
\DeclareFieldFormat{issn}{\ISSN{#1}}
\DeclareFieldFormat{isbn}{ISBN: \href{https://www.worldcat.org/search?q=isbn\%3A#1}{#1}}

% Change the URL style to be Roman.
\urlstyle{rm}



\RequirePackage[l2tabu, orthodox]{nag}
\documentclass[11pt]{article}

\usepackage{svn-multi}
\svnidlong
{$LastChangedBy: ben $}
{$LastChangedRevision: 2368 $}
{$LastChangedDate: 2019-10-20 20:54:40 -0500 (Sun, 20 Oct 2019) $}
{$HeadURL: svn+ssh://ben@trettel.net/home/svn/waterjets/translations/ohnesorge_bildung_1936/ohnesorge_formation_2019.tex $}

% Set your name here
\def\name{Wolfgang von Ohnesorge}

% Set the title here
\def\doctitle{The formation of drops by nozzles and the breakup of liquid jets}

% Set the keywords here
\def\keywords{translation, jet breakup, regimes, Rayleigh regime, first wind-induced, second wind-induced, atomization}

\def\debug{0} % For debugging mode, set to 1.
\input{/home/ben/notes/computer-setup/headers/header.tex}
\input{/home/ben/notes/computer-setup/headers/trans-macros.tex}
%\usepackage[utf8]{inputenc}
%\usepackage[T1,T2A]{fontenc}
\usepackage{marginnote}
\usepackage[normalem]{ulem}
\usepackage{makecell} % https://tex.stackexchange.com/a/176780/9945
\renewcommand\theadfont{\normalsize}
\usepackage{subcaption}

% add the section number to the equation
%\numberwithin{equation}{section}

% embed LaTeX source into file
% https://tex.stackexchange.com/a/13218
\usepackage{embedfile}
\embedfile[filespec=header.tex]{/home/ben/notes/computer-setup/headers/header.tex}
\embedfile{ohnesorge_formation_2019.tex}
\embedfile{header2.tex}
\embedfile[filespec=macros.tex]{/home/ben/notes/computer-setup/headers/macros.tex}
\embedfile[filespec=trans-macros.tex]{/home/ben/notes/computer-setup/headers/trans-macros.tex}
\embedfile[filespec=math-macros.tex]{/home/ben/notes/computer-setup/headers/math-macros.tex}
\embedfile[filespec=misc-macros.tex]{/home/ben/notes/computer-setup/headers/misc-macros.tex}
%\embedfile{.bib}

\addbibresource{../../pubs/water-jets.bib}
\aspellNoCheckInput{header2.tex}
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\begin{abstract}
Shows by means of high-speed motion pictures that the breakup of a jet passes successively through three phases (breakup according to Rayleigh --- breakup according to Weber-Haenlein --- atomization), and that the transition from one phase to the next occurs at increasing higher Reynolds No's.\ as a function of a dimensionless term, containing viscosity, surface tension, density, and orifice diameter $Z = \eta / \sqrt{\sigma \rho d}$ where $\eta$ is the absolute viscosity, $\sigma$ is the surface tension, $\rho$ is the density and $d$ is the orifice diameter.\Transfootnote{\Transabstractpp{dejuhasz_spray_1959}{pp.~253--254}}
\end{abstract}

\clearpage

The\origpagestart{355} various types of drop formation in the disintegration of liquid jets injected into the atmosphere, which emerge partly under gravity, partly under pressure, have been recorded by means of a high-frequency cinematographic apparatus. \transcheck{As the speed is increased, four cases are distinguished}:

0) Slow dripping from the nozzle under gravity without jet formation,

I) Breakup of a cylindrical jet through by axisymmetric surface perturbations (according to Rayleigh),

II) Breakup by screw-symmetric perturbations of the jet (wavy breakup according to Weber and Haenlein),

III) Atomization of the jet.

The\origpage{356} attached table provides information about the magnitude of the involved forces, in which the capillary forces are taken as one:

% WON'T: Change table to use terminology like miesse_correlation_1955 table VI, p. 1698 (pdf p. 9)
\begin{table}[h]
\centering
\begin{tabular}{l|c|c|c|c|c}
\hline
process  & \thead{inertial \\ forces} & \thead{gravitational \\ forces} & \thead{capillary \\ forces} & \thead{direct \\ effect of \\ viscosity} & \thead{indirect \\ effect of \\ viscosity} \\
\hline
Case 0   & $\rightarrow 0$            & significant                     & 1                           & $\rightarrow 0$                          & 0                                          \\
Case I   & moderate                   & very low                        & 1                           & very low                                 & $\rightarrow 0$                            \\
Case II  & increasing                 & $\sim 0$                        & 1                           & significant                              & moderate                                   \\
Case III & very strong                & $\rightarrow 0$                 & 1                           & strong                                   & significant                                
\end{tabular}
%\caption{}
%\label{tab:}
\end{table}

As the speed of drop formation increases, both inertial and viscous forces gain in influence as gravitational forces decrease. The indirect effect of viscosity means vortex shedding by internal viscosity.

\begin{figure}
   \centering
   \includegraphics[width=5.5in]{ohnesorge_bildung_1936_fig_1.png}
   \caption{Presentation of the test results in the graph $Z = Z(Re)$. The breakup of the jet takes place in one of the three characteristic forms within the regions I, II or III.}
   \label{fig:1}
\end{figure}

The theoretical explanation of the low-speed drop formation and the jet breakup through the effect of axisymmetric oscillations goes back to Rayleigh, who bases his theory on the assumption of inviscid liquids and potential flow, thus taking gravity and capillarity into account. We owe a refinement of the theory by considering the efforts of C.\ Weber\footnote{ZAMM 11 (1931), p.\ 136. \Transnote{English translation available as: \fullcite{weber_breakup_2019}.}}. The mathematical treatment of dynamic processes presents insurmountable difficulties. For the general equations of motion of Navier-Stokes for viscous fluids, there are no exact solutions today, as long as inertia and viscosity interact in approximately the same order of magnitude. In such cases, the laws of mechanical similarity provide reliable information, in particular for the evaluation and processing of the necessary tests.

For the static case 0, the dimensionless identifier $r / a$ is significant, where $r$ is the radius of the nozzle bore and $a$ is the ``Laplace constant'' calculated from the material values $\sigma$ and density $\rho$: $\displaystyle a = \sqrt{\frac{\sigma} {\rho g}}$. The static meridian curve of the axisymmetric droplet can be calculated by numerical integration and thus the weight of the falling droplet can be determined with a \transcheck{large approximation} within the practically important range $ 0.01 < r/a < 1.0$.

\begin{figure}
   \centering
   \begin{subfigure}[t]{0.28\textwidth}
      \centering
      \includegraphics[width=0.4\textwidth]{ohnesorge_bildung_1936_fig_2.jpg}
      \caption{Breakup of a cylindrical jet through the effect of of axisymmetric vibrations (water). $\Re = 1000$. Frame rate: 650 sec$^{-1}$.}
      \label{fig:2}
   \end{subfigure}
   \hfill
   \begin{subfigure}[t]{0.28\textwidth}
      \centering
      \includegraphics[width=0.4\textwidth]{ohnesorge_bildung_1936_fig_3.jpg}
      \caption{Jet breakup through the effect of screw-symmetric vibrations (water). $\Re = 9800$. Frame rate: 1600 sec$^{-1}$.}
      \label{fig:3}
   \end{subfigure}
   \hfill
   \begin{subfigure}[t]{0.28\textwidth}
      \centering
      \includegraphics[width=0.4\textwidth]{ohnesorge_bildung_1936_fig_4.jpg}
      \caption{Start of jet atomization (aniline). $\Re = 6200$. Frame rate: 4200 sec$^{-1}$.}
      \label{fig:4}
   \end{subfigure}
   \caption{}\origpage{357}
\end{figure}

In the case of jet breakup and atomization, Weber's similarity law of capillarity and Reynolds' similarity law of viscosity are taken into account, while the Froudean law is meaningless. At different density of the surrounding medium, Reynolds' law must be fulfilled for the external medium. The realization of Weber's and Reynolds' law both succeeds in our case, because on the one hand the two numbers have similar structure \transcheck{as power laws}, on the other hand the capillarity of the liquids varies only within relatively narrow limits\origpage{358}. For the interaction of both laws we form a new dimensionless index by eliminating the velocity
\begin{equation*}
   Z = \frac{\eta}{\sqrt{\sigma \rho d}},
\end{equation*}
in which all the characteristic material coefficients are: surface tension $\sigma$, density $\rho$, absolute viscosity $\eta$, and the diameter $d$ of the nozzle bore, which we use as a function of the Reynolds number $\Re$ using the test results (\figref{1}). In the graph $Z = Z(\Re)$, each liquid, with the nozzle diameter held constant, corresponds to a straight line parallel to the abscissa. The type of jet breakup identified by the Reynolds number is then assigned a particular point on the line $Z =$ constant. The experiments show that the regions of processes I, II, and II are separated by straight lines, which denote power laws. Region I is in the range of small Reynolds numbers, especially for liquids with high internal viscosity.

Process II takes place after a critical area has been exceeded for all the fluids examined within a relatively narrow range. The atomization process III starts suddenly. The jet shows a smooth surface in the immediate vicinity of the nozzle outlet with axisymmetric swellings, which degenerate into helical transverse displacements of increasing amplitude. \transcheck{In the bent out parts, intermediate droplets form, and finally the jet shatters completely.} With only slightly increased Reynolds numbers, the atomizing cone jumps back to the nozzle outlet.

The cinematographic recordings with frequencies between 200 and 12,000 pictures per second have been made in the Institute for Technical Flow Research, headed by Prof.\ \aspellNoCheck{F\"{o}ttinger}, at the Technical University of Berlin, with the \transcheck{high-speed camera} developed there.

% TODO: Add tabulated data.
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